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PREFACE. 



There is no subject of greater importance to Civil and 
Mechanical Engineers than the properties of Iron and Steel, 
which fit them for application to useful purposes; and 
there is no subject of the kind which more deeply con- 
cerns the general public. The lives of the many thousand 
daily travellers by railway are in no inconsiderable degree at 
the mercy, so to speak, of Iron and Steel ; and the same may 
also be said of voyagers in ships made of those materials. 
Architects, moreover, have in recent years largely employed 
Iron both in private houses and in public buildings ; and upon 
the strength of the girders and columns introduced, the safety 
of the inmates depends. 

Notwithstanding the numerous experimental investigations, 
which have been conducted in this and other countries, con- 
cerning the tensile strength of Iron and Steel, including Cast 
Iron, much yet remains to be done in that direction. Such 
problems, for example, as the relation between tensile strength 
an" composition, previous mechanical treatment, and tem- 
perature, are at present but very imperfectly solved. Yet, 
obviously, they are problems of the highest practical value. 
It is certain that the mechanical properties of a metal may 
be affected by contamination with certain foreign matters in 
some cases when present only in extremely minute propor- 
tion. All Iron and Steel, manufactured as articles of com- 
merce, contain invariably more or less foreign matter, usually 
sulphur or phosphonis or both. The carbon in Steel or 
Cast Iron is not to be regarded as foreign matter, as it 
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is essential to the existence of Steel and Cast Iron; nor 
should it be so regarded when existing in small quantity in 
Malleable Iron. 

All workers in metals know how strikingly the properties 
of malleability, ductility, and hardness are influenced by 
previous mechanical treatment, such as hammering, rolling, 
or wire-drawing; and the properties of elasticity as well 
as tensile strength Jtre also affected by the same cause. 

The tensile strength of a metal, it has been well established, 
varies notably with temperatures between such extremes as 
occur in habitable climates. A few years ago numerous 
accidents from breakage of Iron happened on railways in 
England, during the prevalence of a severe frost, and it was 
concluded that they were due to the diminished tensile 
strength of Iron at low temperatures. 

Although information, on these problems, may be found 
scattered through various boolös and scientific journals, yet 
they have not hitherto been so systematically investigated as 
by the Author of this Treatise, M. Styffe, who has devoted some 
years of patient labour in attempting their solution ; and by 
a life-long training in experimental science, no man could be 
named better qualified for the task. M. Styffe is Director of 
the Technological Institution at Stockholm, and I had the 
pleasure of becoming personally acquainted with him as a 
colleague on the Jury for Mining and Metallurgical Products 
of the International Exhibition, 1862. From the high posi- 
tion, which, I know, he occupies in the estimation of scientific 
men in Sweden, a country which has done so much towards 
the advancement of every branch of science in Europe, per- 
fect confidence may be placed in the accuracy of his results, 
though his conclusions may not in every case be accepted, 

A detailed account is given of the apparatus employed in 
determining tensile strength at common and other tempera- 
tures, and of the mode of conducting the experimenta The 
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results are recorded in tables, and for the convenience of the 
reader the general conclusions are clearly and succinctly 
stated. The investigation was undertaken by a Commis- 
sion appointed by His Majesty the King of Sweden, chiefly 
with the view of determining the relative values of different 
kindä of Iron and Steel applicable to railway purposes. Of 
that Commission the Author was a member, and to him was 
entrusted the carrying out of the necessary experiments. 
Amongst the numerous samples examined were some, it is 
alleged, from certain districts in England, which undoubtedly 
do not represent even the average quality of the Iron there 
manufactured. 

The observations on the "Influence of Phosphorus and 
Sla^ on Iron" deserve careful consideration; and a novel 
doctrine is propounded as to the beneficial influence of the 
diffusion of slag, through Iron containing pliosphorus in 
sensible quantity, in order to counteract its injurious effect. 
With regard to the influence of phosphonis in certain pro- 
portions upon the tenacity of Iron, the results of the Author 
agree pretty closely with those of Karsten. The tensile 
strength of Iron, the Author asserts, is not sensibly impaired 
by the presence even of 0*2 or 0'3 per cent, of phos- 
phorus, provided the metal has not been strongly heated, 
after having undergone the operation of rolling or exten- 
sion by other manipulation. But, what is important, the 
facility of extension, or, as it is termed, the extensibility of 
Iron is lessened by phosphorus. It is maintained that the 
presence of even a considerable quantity of slag or cinder 
in Iron impregnated with phosphorus, is beneficial by pre- 
venting the largely crystalline structure, which otherwise 
would result from the presence of that element. 

There is a statement to the effect that '* of the different 
brands of English Iron examined, only that from Lowmoor 
was fit for smiths' work." Now, however well adapted for 
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smiths' work Lowmoor Iron may be, it is certain that there 
are other brands of English Iron which are equally good for 
the purpose ; and it is therefore desirable to note that, of this 
class of Irons, only that of Lowmoor was submitted to trial. 

With respect to the cause of frequent fracture of certain 
articles of Iron in severe cold, the Author advances views, 
which will certainly be combated by many engineers in this 
country; and which, indeed, are strongly opposed by the 
Translator, M. Sandberg, from the results of experiments, on 
a large scale, which, at his suggestion, have been made 
and mostly conducted by himself at Stockholm during 
the winter. The results thus arrived at seem to be of 
much value, and practically to settle the question against 
the Author. They will be found recorded in eodenso in an 
Appendix by the Translator. 

The Author pronounces a decided opinion on the injurious 
influence of phosphorus on Steel, and few men in Europe are 
entitled, from long and accurate observation, to speak with 
greater authority on the subject. The Author says he " knows 
no authenticated instance in which the proportion of phos- 
phorus has been higher than 0*04 per cent, in what has 
been considered a good Steel." Yet it is only fair to add 
his opinion, that *^ with regard to the influence of phosphorus 
on Steel, our knowledge is at present more imperfect than it 
is with reference to the effect of that element on Iron." 

This volume, though of comparatively small dimensions, 
contains a copious store of facts established by careful and, I 
venture to assert, trustworthy experiments. It is satisfactory 
that its translation into English should have been confided to 
a Swede,— my friend Mr. C. P, Sandberg, — who has resided 
many years in England, who was educated as a metallurgist in 
Sweden, and who has had great experience in all that relates 
to the manufacture of Iron and Steel, especially in that of 
rails and railway materials. 
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The volume is illustrated with numerous working drawings 
and tables, and amongst the latter are some which particularly 
merit careful study. I allude to those in which the connec* 
tion between composition and tensile strength is graphically 
shown ; and, assuredly, one of the most striking and interesting 
is that tabulated by the Translator (Plate IX.), in which the 
relative values of Iron and Steel are displayed side by side. 

John Percy. 



London, 3farcA, 18G9. 



Letter from Dr. Fairlairn, FM.8.y to the Translator. 



Manohmtto, November 18<ft, 1868. 

Dbab Sib, — I have carefully examined your excellent trans- 
lation of the experimental researches on the strength of iron 
and steel, conducted at the instance of the Swedish Govern- 
ment. These experiments are the more valuable as they relate 
to the manufacture with charcoal and coke, which enables 
the scientific public of this and other countries to estimate the 
respective values of a material which is in constant demand for 
constructive art. 

Your experiments upon the effect of temperature on the 
resisting powers of iron rails to sudden shocks during the 
summer and winter months of Sweden are interesting. You 
will perceive that I have made some remarks, so as to compare 
them with my own experiments " On the tensile strength of 
wrought iron at various temperatures," as exhibited in a paper 
published in the * Transactions of the British Association for 
the Advancement of Science for 1856.' 

I have great pleasure in bearing my testimony to the scien- 
tific and practical value of your translation of this important 
work, and looking to the innumerable uses to which this 
material is applied, I have no hesitation in recommending it 
to the perusal of the architectural and engineering public. 

I am. Dear Sir, 

Yours faithfully, 

(Signed) Wm. FAIEBAIRN. 

C. P. Sandbeeg, Esq., 
Ckire of the Stoedieh Consulate, London. 



NOTE BY TEANSLATOE. 

The expression " absolute strength," constantly occurring in 
the following pages, is a literal translation of the Swedish 
ahsoluta stifrka, but it means neither more nor less than what 
English engineers are accustomed to call " tensile strength." 
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ON THE 

ELASTICITY, EXTENSIBILITY, AND TENSILE 
STRENGTH OF IRON AND STEEL. 



INTRODUCTION. 



At the instance of the Committee appointed by His Majesty 
the King of Sweden for the purpose of examining railway 
plant of home manufacture, and of determining the fitness 
of Swedish iron for such materials (of which committee the 
author was a member), a tolerably extensive series of experi- 
ments has been undertaken, within the last few years, for 
testing the elasticity, extensibility,^ and absolute strength of 
different varieties of iron and steel. 

As the qualities of iron and steel are dependent, to a great 
extent, on the treatment which the metal has received whilst 
undergoing the processes of welding and rolling, it follows 
that the greater the number of operations through which 
the finished article has passed, the more diflScult does it 
become to determine whether certain of the qualities which 
it exhibits are derived from the raw material originally em- 
ployed, or whether they have been developed by the manipu- 
lation to which the metal has been subjected. As these 
circumstances should not be forgotten in pronouncing an 



1 By extentihUity (Swedish tänjbarhel') is to be understood, throughont this 
essay, that property of a body in virtue of which it can assume, by the 
action of some external mechanical force, a greater or less elongation, which 
remains after the force producing it has ceased to operate. This property is 
therefore only a species of that more general property which Lagerhjelm and 
others call ikufharhet (German VerschiétibarkeU), and which embraces every 
kind of permanent change of form, whether resulting from traction, oompres" 
sion, flexion, or torsion. 

B 
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opinion on a new product manufactured by inexperienced 
workmen, the Committee (as expressed in their report pre- 
sented to His Majesty on the 13th February, 1863 *) con- 
sidered that an enquiry into the qualities exhibited by 
different kinds of iron and steel as they occur in the form 
of rolled or of forged bars, would be of very considerable 
importance in determining the employment of these ma- 
►•^eriate .foÄ jiifefent kinds of railway plant ; and in certain 
'••cases Voiirdlje^ipqre profitable than an examination of the 
•:fimehlBd:QbJQci^.ia^^ufjEtctured of such materials. 

'*• Till»* ••.^••* ? • . T 1 -Tfc /» ? 

• These investigations were commenced by Professor Ang- 
strom, but as he was compelled at an early period to abandon 
the task, they were continued for a while by Herr E. Thalén,' 
of the University of Upsala, and by Engineer K. Cronstrand ; 
but since the beginning of the year 1863, they have been 
conducted either under the author's immediate direction 
or by the author himself, with the assistance especially of 
Engineers Cronstrand and P. Lindell. Under these circum- 
stances the Committee has requested the author to give a 
systematic account of the entire series of investigations on 
the subject. 

2 Bee * Jernkontorets Annaler,' 1864, p. 17. 

8 In a memoir presented to the Royal Academy of Sciences of Stockholm, 
and printed in the Abstracts of their Proceedings for the year 1863, Herr 
Thalén has given the chief results of the experiments on extension conducted 
by him. As some of his researches will be here noticed, the author cannot of 
course avoid the repetition, to a certain extent, of what occurs in that very 
able memoir. 
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EXPSBIMENTS ON TENSION AT THB ObDINABT TeMPEBATUBX. 

1. Introduction. — 2. Description of the testing-machine. — 8. Determination 
of its constants, and of the aceuracy with which the elongation of the 
stretched bars is measured. — 4. Manner of inserting the sample-bars. — 
5. Division of the bars into feet, and measurement of their sectional area. 
— 6. Measurement of the elongation of the sample-bars by stretching. — 
7. Object of the experiments on traction, and the different modes in 
which they have been conducted. — 8. Correction of the error in meararing 
the length, arising &om the bar not being perfectly straight. — 9. Dif- 
ferent kinds of iron and steel tested. — 10. Explanation of Tables I. to Y., 
and Plates in. to V, — 11. Limit of elasticity as commonly defined. — 
12. As defined by Wertheim and others. — 13. New definition. — 14. In- 
crease of limit of elasticity by stretching and other mechanical means. 
— 15. Effect of repeated stretching with the same load, or with a smaller 
load than that previously sustained. — 16. Investigation of the curves 
of permanent elongation. — 17. Determination of the absolute strength 
and extensibility. — 18. Breaking load on unit of area of fracture. — 
19. Different effects of annealing and mechanical treatment on the elas- 
ticity, extensibility and absolute strength. — 20. Mean elongation Between 
limit of elasticity and fracture, for an increase in the load of 6862 lbs. 
per square inch. — 21. limit of elasticity, absolute strength, and extensi- 
bility influenced by proportion of carbon. — 22. Influence of phosphorus 
' and slag on iron. — 23. Of phosphorus on steel. — 24. Effect of tempering 
on the limit of elasticity, extensibility and absolute strength of steel and 
iron. — 25. Modulus of elasticity, diGferent statements of its value. — 
26. Formula for calculating the modulus. — 27. Description of apparatus 
in which bars are inserted for determining the modulus. — 28. Correction 
of the elastic elongations as measured. — 29. Measuring sectional area 
of bars. — 30. Probable error in the values obtained for the modulus of 
elasticity. — 31. Example of determining the modulus of elasticity. — 
32. Causes which affect the modulus. — 33. B^wné of the results. 

1. Introduction. 

In determining the different elastic properties of iron and 
steel, it has been found that in general the most instructive 
point for examination is the behaviour of the material when 
subjected to tensile strain, for the sample-bars tested are 
then stretched at all points of every transverse section, not 

B 2 
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only in the same manner but also in the same degree ; but 
when they are subjected to other experiments, such as 
flexion and torsion, the phenomena become more compli- 
cated and diflScult of interpretation. 

2. Description of (he testing machine. 

The machine employed in the experiments on tensile 
strain was the hydraulic press formerly used by Assessor P. 
Lagerhjelm, somewhat strengthened and modified. Although 
this machine in its original form was described in the 
Jernhontorets Annaler for 1826, it is considered desirable for 
the better illustration of the present memoir, and for the 
benefit of those readers who have not access to the original 
paper, that a description should here be given of the appa- 
ratus in its present form, as shown in the accompanying 
engravings. In PL I. the entire apparatus for stretching 
and measuring is represented; fig. 1 showing an elevation, 
fig. 2, a plan, fig. 3, a longitudinal section of that portion of 
the apparatus which is employed for stretching, and fig. 4, a 
transverse section along the line XY in fig. 2. In these 
figures, A is the hydraulic press resting on two strong cast- 
iron supports B B, each having a sectional form nearly re-: 
sembling an inverted U. These supports are united by two 
concave cast-iron plates C C, and rest on a pair of oak tables. 
a is the cylinder of the hydraulic press, h the piston, c the 
safety-valve on the cylinder, d a tap for drawing off the 
water whenever it is desired to release the strain on 
the sample-bar ; e and /are two pumps, of which the larger 
one, e, is employed at the commencement of the pumping, 
and the smaller one, /, at the close, so that the tension may 
be as gradual as possible ; ^ is a cross-piece festened to the 
piston of the press, and attached by two screw-bolts to 
another cross-piece, h, which has a central perforation to ad- 
mit the end of the bar under test. The other end of the 
sample-bar is attached to a similar cross-piece, % which in its 
turn is fastened by two screw-bolts, h\ to the cross-piece I; 
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and this is united by the screw m to the hoop n, the inner 
edge of which rests in a prismatic cavity on the short vertical 
arm of the bent lever D. This lever, which serves to measure 
the amount of elongation during tension, is moveable about the 
edge J? firnJy fastened to the press, and carries at the end of 
its long horizontal arm a hoop, which rests by means of a 
prismatic edge on the arm of the lever, and carries a hook 
beneath for suspension of the scale-pan E. When the 
sample-bar is inserted between the cross-pieces Ä and t, the 
pump is brought into action and the bar is thus stretched 
until capable of raising the horizontal arm of the lever D, 
together with the weights in the scale-pan E. When this 
is effected, and it is considered that the tension has been in 
play sufficiently long, the cock å is opened, and the elasti- 
city of the bar then forces the water from the press, and the 
balance D falls on its support F. In order to ascertain that 
the balance D was always pumped to the same height, a 
small weight was sometimes suspended above in such a way 
that when touched by the balance a large index was moved, 
and thus it was seen at a distance that the pumping should 
cease. Occasionally, when great accuracy was needed, a 
small scale was fastened to the support F, in which case it 
was necessary that some one should be stationed at the scale 
in order to observe the elevation of the balance. 

The edge j?, on which the arm of the bent lever D turned, 
was placed rather too high, so that the edge of the hoop n 
was situated, in most of the experiments made under the 
author's direction, about 5 lines higher than the horizontal 
axis of the piston. This condition, however, so far from 
causing any inconvenience, was rather an advantage, inas- 
much as the cross-pieces, i and Z, together with their screw- 
bolts, were raised during tension, so that no friction could 
arise between them and the slides.* As the mean distance 



^ OriginaUy these cross-pieces were' hollowed concave at the ends, by which 
they were inserted between the inner edges of the slides BB; but when the 
cross-pieces were raised by the press, there arose considerable friction , as 
Lagerhjelm had already observed; and this rendered the measurement of 
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from the edge of the hoop to the centre of the end of the 
pump-piston was about 9 feet, the small declination of 
the sample-bar from the axis of the piston, or the horizontal 
line, during tension, could not operate disadvantageously on 
the press ; nor, as will hereafter be shown, could it exert any- 
material influence on the measurement of the strain, which 
was determined by means of the bent lever. 

It might be supposed that the lever should have been pro- 
vided with edges instead of cavities for the reception of the 
fulcrum p and the edges of the hoop n. In that case, how- 
ever, the use of the apparatus would have been more incon- 
venient; and, moreover, it was found by experiment that 
the edges did not* perceptibly vary in position at different 
times, and that the measurements of the elongation of the 
sample-bars thus obtained possessed the requisite degree of 
accuracy. 

These measurements are easily determined by calcu- 
lation. 

Let a and 6, in fig. 5, PI. I., represent the lengths of the 
arms of the bent lever BAG; let p denote the weight, 
which if applied to the arm a would have the .same effect as 
the lever exerts by its gravity ; let y be the weight of the 
hoop and scale at C, and r that of the weights in the scale- 
pan ; let a be the angle which the sample-bar makes during 
tension with the horizontal line, in consequence of the 
position of the edge of the hoop at B above the axis of the 
press ; and let T^ denote the elongation of the sample-bar ; 

Then (j) + y + r) a = T^ 6 cos a. 

But tan a is about ^ J^, and therefore cos a = 0*999985, or 
= 1 nearly ; whence 



the extending force less trustworthy. The author, therefore, removed the 
lower jaws, so that when the press began to work, the cross-pieoes could 
move freely. 
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3. DetermiTuUion of (he constatUa of the testing machtney and of the 
accuracy with which the elongation of the stretched bars is 
nieasured. 

In order to detennine accurately the values of the 
quantity p and the ratio -y, and also to ascertain the accu- 
racy with which the elongation of the sample-bars was 
measured by the apparatus, the author arranged a strong 
lever, D E F, with two equal arms at right angles, and three 
acute prismatic steel edges. This was placed between the 
cast-iron supports, B B (figs. 1 to 4), about midway between 
the arm A B of the lever and the end G of the piston, and at 
such a height that the edge D was in the straight line 
joining B and G, as shown in fig. 5. The edge E rested in a 
concave pan of tempered steel, supported steadily by an iron 
hoop. At D was placed a hoop furnished with a tempered 
steel pan, which in its turn was connected by an iron rod 
with the cross-piece i (figs. 2 and 4), and, therefore, united 
also with the arm B. On the edge F a similar hoop was 
placed for suspension of a scale-pan. If then T denote the 
elongation in the direction B J) arising from the bent lever 
B A C, and c and d the respective lengths of the arms D E 
and E F, and g the sum of all the forces acting at F (that is, 
the moment of the lever D E F divided by d, together with 
the weight of the hoop, the scale and the weights placed in 
the pan), then, when the lever B A C is so balanced that A C 
is horizontal, 

T6 cos a = ^a (11). 

and. Tö cos a = gd^ 

whence T = j . 

•^ i*. otiO. a. 



As c and d were each only about 0*75 foot, and as a slight 
error in their measurement was of considerable influence, 
the bent lever D E F was turned round so that F E became 
vertical and D E horizontal, and the larger bent lever was 
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then again balanced. If the total weight then required to 
be applied at D, in order to establish equilibrium with 
respect to the larger lever, is denoted by g\ we have 

^ dfooflo' 

which, compared with the former equation, gives 
T = V^^ — . 

•^•^ cos a 

If the hoop, with the scale-pan and weights, be now sus- 
pended at C on the arm A C, and their weights be repre- 
sented, as before, by y and r, the elongation in B D by T,, 
and the total corresponding weight at F by G, then we 
obtain 

Ty c cos a = G ti ; 

and when the smaller lever is turned round as before, and 
the total weight then required at D is represented by G', 
we have 

Ty ti cos a = G'c. 

But, (^ + y + r) a = T^ 6 cos a, 

and equation (II.) gives _pa = T6 cos a, 

therefore, ( J + r) a =. (T^ - T) 6 cos a, 

and, I = ^^^^ - V^ ' 

^ g + r 

When this value of -^ is inserted in equation (11.) we 
also obtain the value of p. 

By several experiments, which were varied in such a 
manner that the greater lever was poised at C by a larger 
balance placed above, we obtained the following as the 
most probable values" : — 

i) = 97-51, \ = 20-084. 



3 Herr Thalén determined p by weighing the end C in the scale of a balance 
and obtained the ratio ~ by direct measurement. Ho thus found j? = 97-55,. 
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As the scale at D, with its hoop, weighed 55*97, formula (I.) 
becomes 

T^ = 20-084 (15348 + r). 

A3 to the accuracy with which the measurement of the 
elongation of the sample-bars was determined by the bent 
lever BAG, it was found, by the use of the smaller lever, 
previously mentioned, D E F (fig. 5), that when the scale 
under F was loaded with 3000 lbs., the arm AC of the 
larger balance always distinctly changed its position by an 
additional weight of ^ lb. in the scale. Even when the 
sensibility of the apparatus was diminished, to a slight 
extent, by the friction of the lever D E F, the errors com- 
mitted in measuring the tensile force could be but small in 
comparison with other sources of error. 



4. Manner of vMerting the sample-bars in the machine. 

The method of inserting the bars in the press is a point of 
considerable importance. For this purpose Messrs. Thalen 
and Angstrom, following Lagerhjelm, pointed the ends of 
the bars and then folded them double, and by means of 
conical iron wedges, which clasped the ends, fastened them 
in the holes in the cross-pieces. This method, however, 
was attended with much inconvenience. In the first place 
the bars were weakened by having been heated, and this 
was particularly the case with the hardest puddled steel, of 
which most of the samples broke at the ends or at the joints 
of the wedges. To prevent this. Herr Thalén prepared some 
strong cast-iron clamps, in which he fixed a bar that had 



and -r- = 20*018 ; which values he employed in the calculation of his regults 



on tenisdon. Although these simple methods could not give results as exact as 
those obtained by us, the deviation was nevertheless so small that it has not 
been considered worth while to correct Thalen's results, which are therefore 
given in Tables I. and II., in the same form as they were communicated by 
him. 
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been broken near the place of fastening, in the manner just 
noticed, and tightly screwed it in its position in order to be 
broken afresh. The clamps consisted each of two parallel- 
sided pieces of cast iron, in which were inserted prisms of 
hard cast-steel furnished with file-teeth. The ends of the 
bar were fastened between these prisms and seized by 
the teeth, when the pieces of cast-iron were screwed together 
by four strong bolts. The use of these clamps was certainly 
attended with tolerably satisfactory results, but it occasioned 
so much inconvenience in other respects that Herr Thalén 
generally fastened his bars by the method first described, 
and had recourse to the use of clamps only when a bar had 
been broken near the end, and it was feared that the break- 
ing strain had therefore been estimated too low. Usually 
the bar was also broken at the other end, and it therefore 
became necessary to use clamps at both ends in order to 
break the bar at a point where it had not been weakened by 
heat, so that its real strength might be determined. With 
the use of clamps, the breaking weight, according to Thalén, 
is augmented not more than from 4% to 5% for the bars 
tested by him from Surahammar in Sweden, but 10% for 
the puddled steel marked N.P.2, 13% for B.l, and nearly 
37% for N.P.I. 

On testing Bessemer steel and cast-steel containing one 
per cent, or more of carbon, the author has found that barer 
have broken near the ends where they had been heated, with 
a load 30% less than that which they afterwards bore when, 
with the use of clamps, they were broken at another point, 
which had not been afiected by the heat during the treat- 
ment described below. Moreover, the use of wedges has the 
further inconvenience of not allowing the bars to be perfectly 
free after each load ; and it may easily happen too that the 
bar is bent by wedging. When clamps are used, the bar 
may indeed be released from the cross-pieces, but the heavy 
clamps can scarcely be supported so evenly that the bar does 
not become somewhat bent, nor can the clamps be loosened 
(an operation which, if performed after each load, would be 
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a source of great inconvenience) without fear of obtaining a 
slight permanent deflection. 

Having experienced the inconvenience of these methods of 
fastening, the author '^ upset " or stubbed the bars at the ends, 
having furnished each with an iron washer having an aper^ 
ture of greater diameter than that of the bar. One end of 
the bar was forged into a small head, so that the washer 
could not be torn from the bar, whilst the other end was 
famished with a screw-nut. 

When the bars had been too highly heated at stubbing, it 
was found that fracture rarely occurred at the part where 
they had been heated, unless they consisted of cold-short 
iron or hard steel ; for the heat, as fiEtr as it extended, had 
increased the diameter of the bar.^ By this arrangement 
the bar could readily be set perfectly free, and was thus 
exposed to no other force tending to produce curvature, 
beyond its own gravity, the effect of which was certainly 
disadvantageous to the measurement of the äbsoluée length 
of the free bar, but it was at least always constant. 

The author has, however, occasionally bent the bar at one 
end, and upset it with a washer at the other, as one extremity 
might then be readily set free, and the bar thus removed 
from all tension. The most convenient way of setting the 
bar at liberty is by loosening the nut of the screw m (fig. 2) 
with a suitable key ; and if necessary the nuts of the bolts 
h h may also be unscrewed. 

Of late the author has' nearly always applied nuts at 
both ends of the bar ; and, in order as far as possible 
to prevent any oblique strain, the bar has been turned 
on the inner edge, by which it was connected with the 
cross-pieces. 

' In testing steel containiiig 1 or 2% of carbon, as well as yery cold short- 
iron, fracture usually occurred so near the ends that there was reason to fear 
it was induced by the heating. The author, therefore, cold-hammered some 
bars of cold-short iron as &r as the heat at stubbiug bad extended, and thus 
succeeded in so strengthening the ends that fracture did not occur there. In 
the rupture of hard steel bars, however, the author was usually obliged to 
employ clamps. 
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5. Divmon of the sampLe-hars irUofed^ and measuremeni of their 
sectional area. 

Each sample-bar was about six feet long, and was marked 
by fine transverse divisional lines at about equal distances 
from the ends, leaving a length of 5 feet in the middle,* 
which was again divided into whole feet. At each of these 
six divisional marks the dimensions of the bars were taken 
in two rectangular directions, — the diameters in round bars 
or the sides in square bars. These measurements were taken 
by means of a small micrometer-screw (" Palmer's Blechlehre "), 
the threads being about 0*03937 inch apart, and the screw- 
heads so divided that measurements might be read off to 
0*0003937 inch.* Notwithstanding this degree of accuracy 
in the instrument by which the sectional area of the bars 
was measured, it is yet possible that errors may have arisen 
to the extent of about 1%, in consequence of the dimensions 
of the bars — especially forged bars — being sometimes irre- 
gular. Moreover, the surface of the bar having been coated 
with a thin film of scale, the mean area might exceed the 
area of the section actually broken by more than 1%. The 
accordance between the different measurements has, how- 
ever, generally been so close, that probably an error as great 
as one per cent, has been exceedingly rare. 

6. Mea>8urement of the elongation of the sample^rs hy stretching. 

In order to measure the elongation of the sample-bars by 
stretching, a small finely-graduated scale was attached to 



* The samples, Nos. 24 and 25, in Table IV., which were of so cold-short 
an iron that the roUed bars were broken during transport, had each a length 
of only one foot between the outer divisions. 

5 In the first 21 bars from Surahammar, which were tested by Herr 
Angstrom, and for which he determined the breaking strain and the elonga- 
tion on rupture, the area was measured at only 3 places. 

The actual size of the threads in the screw was determined by comparison 
with a well-tested screw in the possession of the Royal Academy of Sciences of 
Stockholm. 
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each of the outer marks at the end of the bars, and therefore 
at a distance of 5 feet from each other. Of these two scales, 
that which was placed nearer to the hydraulic press, and had 
only a few diyisional marks, is called the index sccUey and the 
other the measurmg scale. In order to fasten these scales to 
the bars, they were screwed to brass rings surrounding the 
bar on three sides, and having the lower edges bent outwards. 
These edges were in their turn embraced by the upturned 
edges of a brass plate, through which passed a screw ; and by 
pressing the point of the screw on the lines marked on the 
bar, the scales were steadily feustened in their proper position. 
The index-scale attached to the bar is shown of natural size 
in fig. 6, PL I., both in plan and in section. The scale was 
divided into 280 equal parts by a dividing machine constructed 
by Froment, and belonging to the University of Upsala; 
each division corresponding, according to Herr Thalén, to 
0-2048 millimetre, or 0-06898 Swedish dec. line (or 0*00786 
Eng. inch). In strictness, the divisions on the middle of the 
scale were indeed about 0*0004 millim. shorter than those at 
the extremity, but the error thus introduced was too slight 
to need any correction. 

The measurement of the elongation of the bar was effected 
by a large scale of fir-wood (G, figs. 1 & 2, PI. I.), furnished 
with microscopes at the ends. To protect it from hygro- 
metric influences, the surfetce of this scale was saturated with 
oil. Guides were placed at the ends of the scale below the 
microscopes, in order to prevent lateral motion when sup- 
ported by the scales. That guide, which was placed nearest 
to the hydraulic press, was furnished with a horizontal screw, 
touching a small plate a (fig. 6), which was attached by a 
hook to the index-scale, and by means of which the mea- 
suring-rod could be so adjusted that the hair-cross of the 
microscope belonging to the index-scale was immediately 
over its zero. 

For vertical adjustment each microscope was furnished 
with a vertical set screw resting on the scales, by which 
arrangement it was easy to regulate their distance from the 
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object-glasses of the microscopes. Moreover, the measuring- 
rod carried at that end which was nearest to the hydraulic 
press a brass axle t (fig. 2, PL I.) moveable about the conical 
points of two screws 8 8, which worked in the hollowed ends 
of the axle, and were fastened to a brass fork r, moveable 
about a horizontal axis by means of two similar screws w, w. 
These screws were fastened in a pair of metal hoops elevated 
on a wooden stage, which rested by means of three set screws 
on a glass-plate placed on a wooden platform, supported by 
the cast-iron slides of the hydraulic press. The wooden stage 
was attached to the press by a tolerably strong spiral spring 
Sf, by which the measuring-rod was always drawn towards 
the press, so that the screw on the nearest guide was forced 
to touch the plate a on the index-scale (fig. 6), and the mea- 
suring-rod was therefore compelled to follow the motion of 
the scale.^ By means of the horizontal axles mentioned 
above, the measuring-rod might be easily elevated and 
depressed, but was prevented from turning round on its 
longitudinal axis ; and in order that it should not press on 
the scales, it was suspended from suitable points by two ver- 
tical cords running over pulleys above and carrying balance- 
weights, so that the bar was nearly counterpoised. 

In spite of these arrangements, the position of the index- 
microscope in relation to the index-scale did not remain con- 
stant during the experiment, but varied to a small extent 
when the bar was subjected to traction or otherwise disturbed, 
and therefore the index-scale had to be applied at each mea- 
surement. Two observers were consequently required— one 
at each instrument. 

The microscope over the measuring-scale could travel along 
the entire length of the rod by means of a micrometer-screw, 
and the distance between the axes of the microscopes was 
thus made exactly 5 Sw. feet, the distance being taken by a 
special iron measure, on which 5 feet were marked. 



* The principal arrangement of the measuring instrument above described 
was due to the first director of these investigations, Professor C. A. Ångström. 
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During the greater number of the observations, the micro- 
scopes employed were those belonging to the Astronomical 
Observatory of the Eoyal Academy of Sciences at Stockholm, 
but latterly use has been made of a pair of microscopes 
imported from Messrs. Eepsold, of Hamburg, for the Boyal 
Technological Institute. All these microscopes, as is now 
usual with such instruments, were furnished each with two 
parallel hairs fastened to a micrometer screw, the head of 
which was divided into 100 or 120 equal parts ; by which 
construction it was possible to read oflf the position of the 
parallel hairs to at least 0*0005 millimetre, — ^a degree of 
accuracy far exceeding that which is actually necessary. 
The position of these hairs should be so adjusted that the 
divisional parts of the scale come between tJiem exactly in 
the middle ; but this operation could not always be effected 
with an equal degree of accuracy. As, however, the distance 
between the hairs did not, in any of the microscopes, exceed 
0*035 millimetre, or 0*17 of a division on the scale (and in 
Kepsold's instrument was only 0*13 of a division) the errors 
in adjusting both the microscopes could not amount to more 
than 0*01 millim., or 0*05 of a division on the scale.'' This 
degree of accuracy is quite sufficient for measuring the per- 
manent elongation of the bar, for the amount of this depends 
to a great extent not only on the manner in which the ten- 
sion is effected (that is to say, on the greater or less care with 
which the pumping is performed), but also on the time during 
which the strain is in operation. When the permanent elon- 
gation exceeded a certain limit, a new elongation was obtained 



7 In using Bepsold's microsoopes the deviation has rarely been more than 
0*01 of a division, when the bars have not been in the slightest degree dis- 
turbed, and care has been taken to remove aU sources of error arising from 
changes of temperature in the bars and instruments of measurement, as by 
radiation from gas-flame& In consequence, however, of small variations in the 
curvature of the bar, and the difficulty of preventing slight changes of tem- 
perature in both the bar and the measuring instruments, so great an accord- 
ance cannot be generaUy expected between the measurements of the bar when 
stretched several times with the same weight. A change of temperature of 
0*25° 0. occasions a change in the length of the 5-feet bar amounting to 0*02 
of a division on the scale. 
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at almost every stroke of the piston, although the pumping 
was performed very slowly. Even when the extension is 
quite uniform, a bar strained beyond a certain limit may — 
as Hodgkinson has shown^-continue to elongate perceptibly 
after the lapse of several hours, as will hereafter be seen. A 
greater degree of accuracy is needed only for the determina- 
tion of the modulus of elasticity. 

When the elongation was so considerable that the scale 
did not sufiBce to measure it, or when the sample-bar was 
exceedingly hard or but slightly extensible, so that there 
was fear of its being broken early, both the scales and the 
microscopes were removed, and the measurement effected by 
a paper scale attached to a wooden bar, and divided into 
decimals of a line. 



7. Eoc^eriments on traction ; their object^ and the different modes in 
which they have been conducted. 

Some of the experiments on tension were undertaken 
solely with a view to determine the absolute strength and 
the extensibility of the sample-bars. In order to determine 
the latter quality, the elongation of the bar divided into 
feet was measured after fracture;^ and also the area of the 
fracture. In consequence of the irregular form of the 
fractured surface, it was only possible to measure it with 



^ When the bar broke between the outer marks made on the bar 5 feet 
apart, Herr Thalén regarded only the elongation of the parts of the original 
length of one foot, where fracture had not occurred, and the elongations given 
in Tables I. and 11. are calculated in this way. The author on the contrary 
considered it always necessary to reckon the elongation on the entire length 
between the outer marks ; because the elongation nearest to the place of rup- 
ture is in general the greatest, and of course, in all the experiments, enters 
into the measurement of the permanent elongations. According to the method 
first mentioned, it occasionally happens that the percentage of elongation after 
rupture is smaller than it is with the loads which immediately precede frac- 
ture. AccordtDg to the latter method of calculation the elongations would 
naturally be somewhat grecUer for the bars given in Tables I. And II., than 
what is there recorded. 

When fracture occurred outside the marks, the bar has always been again 
broken in order to make the experiments, as far as possible, comparatiye. 
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calipers or compasses, and it was therefore impossible to 
attain the same degree of accuracy as in the measurement 
of the mean area. Such accuracy was not, however, neces- 
sary in this case. 

With nearly all the varieties of iron and steel examined, 
separate experiments — ^those on elasticity — were undertaken, 
to determine with what load a permanent elongation is first 
practically observable, and in what proportion such elongation 
is increased by augmented loads. With regard to the elastic 
elongation, or that elongation which disappears when the 
stretching force is removed, it certainly seems established by 
the experiments of Wertheim and other observers, that it is 
at least nearly proportional to the stretching force, and that 
it does not materially differ in iron and steel, or in different 
kinds of these metals. As, however, these statements stand 
opposed to those of the earlier authorities — such as Kedten- 
bacher, Morin, Eeuleaux, and others — the author, by means 
of the apparatus previously employed, determined as accu- 
rately as possible the modulus of elasticity for certain kinds 
of iron and steel. 

When Herr Thalén commenced his experiments, he laid 
especial stress on the determination of the limit of elasticity 
in different sorts of iron and steel, using that term as defined 
by Wertheim® and others ; that is to say, on the determina- 
tion of the load by which a bar attains a permanent elonga- 
tion equivalent to 0*00005 of its original length. But as he 
soon perceived how difficult it was to determine exactly the 
limit of elasticity as thus defined, and to base upon it any 
comparison between different makes of iron and steel, he 
represented by means of curves, the permanent elongations 
of the bar by additional loads, and sought to determine, as 
nearly as possible, their points of maximum curvature. The 
ordinates to these curves represent the load expressed in lbs. 
per square liae, whilst the ahscissse represent the permanent 
elongations of the bar ; and the scale was such that 10 lines^** 

' Poggendorif 8 * Annalen, Erganzungs-Band 11/ 
^0 1 English inch =8*6 Swedish lines. 

O 
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in height corresponded to a load of 100 lbs. per sqnare line, 
and 10 lines in the direction of length to an elongation in the 
5-feet sample-bar of 10 divisions on the scale, which again 
was equivalent to an elongation of 0*1 38 line per foot. Con- 
siderable attention was also paid to the permanent elongation 
which corresponds to the neighbourhood of the maximum 
curvature in curves of similar construction ; but, for reasons 
which will be afterwards given, it has not been considered 
right to take this curvature as a meam/re of the stiffness of 
the bar ; and the author has accordingly given another de- 
finition of the limit of elasticity. 

In examining the elasticity of a metal, the loads have 
always been so small at the commencement of an experiment 
that they have not occasioned any perceptible permanent 
elongation, and they have in general been afterwards increased 
by putting into the scale attached to the balance a weight of 
from 10 to 20 lbs. each time. After the addition of each 
weight, the permanent elongation thereby occasioned has 
been measured. When a bar approached its limit of elasti- 
city (using that term in the sense afterwards explained), or 
when the load has been so great that it was presumed the 
bar would soon break, the successive additions to the load 
have been less than usual, in order to determine with greater 
accuracy the position of the limit of elasticity and the abso- 
lute strength of the material 

As the experiments of Wertheim and Hodgkinson have 
shown that the length of time during which the straining 
force is allowed to operate exerts considerable influence, both 
on the amount of permanent elongation — especially when 
that has already been considerable — and on the load at which 
fracture occurs, we have always taken care to allow the 
straining force to operate for nearly equal times, so that 
the different experiments might admit of comparison one 
with another. When the balance has been raised to the fixed 
mark and has nearly settled, it has been allowed to remain 
at rest for one or two minutes, according to the amount by 
which the load has been increased. It has generally been 
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considered unnecessary to keep the straining force in action 
much longer, and indeed with the apparatus employed it 
would have been diiScult to do so when a great weight was 
acting, for it was impossible to keep the packing round the 
piston of the press so tight as to preyent leakage. It was 
not found possible to determine precisely the time during 
which the force was in operation, because the press begins to 
stretch the bar before the balance is raised from its support* 
This is especially the case in experiments on highly exten- 
sible bars, as these suffer elongation long before the balance 
is elevated. 

The bars were not always set quite free after each addi- 
tional load, but were usually measured whilst strained by a 
suitable weight, consisting of the balance either alone, or with 
the scale-pan, or with the attached weight. This stretching 
weight has not, howeyer, been sufficiently powerful to produce 
any perceptible permanent elongation, but has only served 
to keep the bar as straight as possible whilst under tension. 
But when the author commenced to use washers and nuts at 
the ends of the sample-bars for fastening them to the cross- 
pieces of the apparatus, or when washers were used at one 
end and wedges at the other, the bar, if stretched by a great 
load so that the removal of the weights would have been too 
troublesome, was usually set free after each load, in order to 
measure the permanent elongation arising therefrom ; the bar 
'being relaxed by loosening the nut of the screw m (fig. 2) in 
the manner previously described. 

When the bar is thus perfectly free, its absolute length 
cannot be measured with any great degree of accuracy ; for, 
being supported only at the ends, even if originally straight, 
it becomes bent by its own weight. The length obtained by 
measurement is yet less than the actual length, as will after- 
wards be shown, because the scales by which the measure- 
ment is taken are not placed exactly in the middle line of 
the bar, but are rather above its upper surface. If, how- 
ever, the bar were neither bent nor straightened by tension, 
the difference of the two measurements of the free bar, be- 

c 2 
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tween which the bar had stretched, would correctly indicate 
the permanent elongation occasioned by the tension, because 
the eflfect of weight in bending the bar is always the same, 
and the results generally show a close agreement. Certain 
bars, however, by stretching, especially with great loads, have 
been deflected to an extent which in the middle of the bar 
has occasionally amounted to several lines. In some cases 
this curvature may have arisen from the method of fastening 
the bar, being such that the stretching force has not acted 
centrally. We are, however, convinced that this was not 
always the cause of the curvature ; for bars which have been 
considerably bent during tension have afterwards been pur- 
posely fastened in the apparattis in such a way that they 
ought to have been bent in the opposite direction ; and yet 
on trial this efiect has not followed. The cause, therefore, 
can only be that the material in the bar was not uniform 
throughout, or that it had suffered a somewhat different 
mechanical treatment during rolling or subsequently; the 
bar having, for example, been straightened when cold. In- 
deed, the limit of elasticity, as will afterwards be shown, may 
be so raised by stretching that it shall approach very near 
the breaking strain; and if, by straightening a bar when 
cold, the fibres on one side are stretched, and thus attain a 
higher limit of elasticity than those on the other side,^ it 
may happen that the latter on tension suffer a permanent 
elongation earlier, and that the bar thus assumes a convexity* 
on that side. 



8. Calculation €f error in measuring the length, arising from the har 
not heing perfectly straight. 

In what degree such curves affect the accuracy of measure- 
ment of the bars may be approximately calculated by as- 
suming that the curve is an arc of a circle ; — an assumption 



1 Wiedeman's Experiments (Poggendorfs Annaien, 1859) show that flexion 
does not raise but rather lowers the limit of elasticity on Öiat side where the 
fibres are compressed by flexure. 
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which may generally be accepted when the bars are homo- 
geneous and of regular dimensions, and when the curvature is 
but slight. 

In fig. o (PL II.) ABC represents the axis of the bar in 
its own plane, which makes an angle a with the horizon ; and 
fig. 2 shows a vertical transverse section taken through the 
middle of the bar. The angle a is regarded as positive when 
the bar is bent downwards, and as negative when bent up- 
wards. In fig. 1, on the contrary, A B C is a projection of 
the axis in a vertical plane passing through the zero points 
of the scales, marked D and F. K through each of these 
points a plane be drawn cutting the axis at right angles in 
A and C, these planes, as ^11 as their line of intersection 
G I (fig. 2) must be at right angles to the plane in which 
the axis lies. Further, if a plane be drawn parallel to the 
last-mentioned plane through the point D, cutting the line 
G I in H ; then, since D and F must, according to our sup- 
position, lie symmetrically with regard to the axis, this plane 
must also pass through F ; and if, with H as a centre, a cir- 
cular arc be described through D, this arc will also pass 
through F. In fig. 3, D E F is the projection of this circular 
arc on the plane of the axis ; and in figs. 1 and 2, D £ F and 
E D are its projections on the planes represented by these 
figures. The actual length of the arc D E F, as well as that 
of the arc A B C, is of course seen only in fig. 3 ; but their 
true heights E K and B L, with their radii D H and C H, 
are shown also in fig. 2, where they correspond — the former 
with E D and A B, and the latter with E H and B I respec- 
tively. In the following description the lengths of the arcs 
A B C and D E F (fig. 3) will be denoted by i and s^, of B L 
and E K by Ä and A,, of C H and D H by r and r,, of the 
chords A C and D F by a and ai, and the height of the scales 
above the axis when the bar is straight by i. 

As long as the bar is straight, D and F of course lie ver- 
tically above A and C, and the distance between D and F, 
the zero-points of the scales, is also then an exact measure of 
the length of the axis between A and C ; but when the bar 
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is bent, only the length of D F (figs. 1 and 3), or a,, is mea- 
sured, and there is thus an error introduced equal to 

« - ai = (« - «i) + («i - «i)- 

When the angles which correspond to the arcs 8 and «i, 
are of the same magnitude, 

« : 8i = r : ri ; 

whence, (« — Si) : s = (r — r,) : r, 

and « - 8i = (r - r^) -^-. 

But, r — rj = i sin a, for EB (fig. 2) equals i, or the 
height of the scales above the axis ; and EB, if the scales are 
tolerably well adjusted, is always nearly vertical. As also 

(2 r — Ä) Ä = •^, whence r = -^-rr — , 

and as «' = a* + ^ ^ approximately, therefore — = — . 

If these values be substituted for r — T^ and — in the 

^ r 

value of s — «i , then the equation becomes 

86^ sin a 

When «« — a? = 4Ä? approximately, then also 
«4 — aj = ^' — y which may with sufiScient exactness be 

regarded as = — 5, and as — = — , and —^ = 1 nearly, 

then 8, — a, = — . Thus we obtam « — a, = . 

The surfaces of the scales in the experiments on bars 
of 4 lines in diameter lay about 3*6 lines above the axis of 
the sample-bar, and when this value of h is inserted in the 
formula last given, we finally obtain 

8 - ai = 0-0576 Ä sin a -f 0-004 Ä*. 

As found from this formula, a deflection of only 0*2 line, 
when a = 90° (that is, when the curvature is downwards in a 
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vertical plane), gives rise to an error of 0*0117 line, which 
corresponds to 0*17 of a division of our scale; whilst the 
error in adjusting the two instruments of measurement 
ought not to exceed at most 0*05 of a division on the scale. 

In those experiments which required a great degree of 
accuracy, as in the determination of the modulus of elas- 
ticity, the author has always taken as a starting-point for 
his comparisons the length of a bar subject to a certain 
moderate degree of tension, at which he had ascertained, by 
previous experiments, that the bar would not obtain any 
perceptible permanent elongation. 

9. Different kinds of Iran and Steel examined. 

The principal object of these investigations was the de- 
termination of the relative values of different kinds of iron 
and steel applicable to' railway purposes ; and therefore the 
examination was directed especially to such varieties as are 
employed for these purposes, or to those which might be 
brought into use. on a large scale. As the puddled iron from 
the few Swedish works which produce it, is usually very 
soft, and as puddled steel has hitherto been manufieictured 
only exceptionally and on a small scale, the Committee, in 
order to obtain suitable specimens of both puddled iron and 
puddled steel of different degrees of hardness, proposed to 
Herr W. Zethelius, the proprietor of the works at Sura- 
hammar, that he should expressly prepare for them puddled 
iron and steel from certain kinds of pig-iron ; and to this 
proposal Herr Zethelius very obligingly acceded. The 
samples which the Committee obtained from him were 
puddled from pig-iron prepared at Bispberg, Grangarde^ 
Norberg, Nora Hammarby, Nora Pershytte, and Persberg. 
They were all No. 2 iron, rolled to round bars of about 4 
lines diameter, or square bars of 4 lines in the side. Unfor- 
tunately, Zethelius was prevented from puddling as large 
a quantity of pig-iron as the Committee had desired, and 
the product obtained from any given brand was thus neces- 
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sarily affected by the slag produced in the previous working. 
It is feared, therefore, that the samples cannot be consi- 
dered as representing, quite characteristically, the parti* 
cular kind of pig-iron from which each was prepared. 

In the accompanying tables these samples of iron and 
steel are denoted by the initial letters of the pig-iron from 
which they were manufactured, with the addition, in the case 
of puddled steel, of the numerals 1, 2, or 3, according as the 
steel is more or less hard. Thus, for example, N.P.I sig- 
nifies the hardest puddled steel from Nora Pershytte pig* 
iron ; N.2 denotes puddled steel of medium hardness from 
Norberg pig-iron ; B-iron refers to puddled iron from Bisp- 
berg pig-iron, and so forth.^ 

In addition to these, the following materials have been 
examined : — 

Tilted Bessemer steel and iron from the new works at 
Högbo, Sandviken, on the Gefle and Dala railway ; the steel 
from a mixture of 45-75 -50% of Bispberg ore, 27-30-5% of 
Eelling ore, and a small proportion of ore from Nyäng, Gösk, 
Strand, and Erik; and the iron (degree of hardness = 0*3) 
from 65-5% of Bispberg ore, and 19*25% of Örlaxbo ore, &c. 

KoUed Bessemer steel from Carlsdal in Örebro county, 
manufactured from Persberg and Vicker ores. 

Eolled cast-steel, from Wikmanshyttan in Dalecarlia, 
manufactured from Bispberg ore smelted in crucibles ac- 
<5ording to Uchatius' method. 

Two sorts of cast-steel, tilted under the hammer, from 
F. Krupp's celebrated steel works at Essen in Westphalia, 
of which one variety called middle hard cast-steel, and 
marked with a single crown, was, according to the printed 
prospectus of the manufacturer, adapted for carriage-axles 



3 The experiments on the extension of the samples from Surahammar, at 
ordinary temperatures, were conducted by Messrs. Thalen, Ångström, and 
Oronstrand, before the author undertook the direction of these researches ; and 
the results obf^ined by these gentlemen are given in Tables I. and II. The 
examination of all other kinds of iron and steel has been performed by the 
author and his assistants previously mentioned. 



Chap. I. at the Ordinary Temperature. 25 

and other objects requiring great stiffiiess and toughness; 
whilst the other kind, marked with two crowns, was some- 
what softer, and was recommended by the manufacturer for 
the axles of locomotives and marine-engines, piston-rods, &c. 

English roUed puddled iron, from Low Moor, a locality 
renowned for the excellent quality of its iron ; the sample 
branded with the name. 

English roUed pnddled iron, from Bolckow and Yaughan's 
works at Middlesbro'-on-Tees ; branded "Cleveland," and 
probably manufactured from Cleveland ore.* 

English roUed puddled iron, purchased in Stockholm and 
obtained, according to the merchant, from Dudley in Staf^ 
fordshire. 

Eolled puddled iron from Motala, branded "M.W."; 
purchased in Stockholm, and therefore (unlike most of the 
other samples of Swedish iron) not ordered expressly for 
these experiments. 

Eolled iron, once welded, from Aryd in Småland, refined in 
a French charcoal hearth from pig-iron smelted from lake- 
ores rich in phosphorus. This iron was obtained for the 
special purpose of testing a cold-short iron. 

Eolled iron, refined in a charcoal hearth, from Hallsta- 
hammar in Westmanland : this iron was purchased in Stock- 
holm, and bore the mark " H H " surrounded by a ring. 

Boiled iron, refined in an English charcoal hearth, from 
Leqöforss in Wermland, Sweden ; branded " Ekman and 
Co." 

In addition to the samples mentioned above, others have 
been obtained, for the sake of comparison, by planing bars 
out of an English tyre manufactured at the Low Moor 
Works, and also out of the head and stem of an English rail 
belonging to the Swedish State railway, and manufactured 
at Cwm Avon in South Wales : all these bars were rolled 
out, after welding, to about 4 lines square, or 0*46 Eng. inch. 



■ Ab the samplefl of both the Low Moor and the Cleveland iron were procured 
through an English agent who knew that they were for experimental pur- 
poses, it is very probable that they were selected. 
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10. 'Ex/plawAicm of Tables I. to F., and Plates III. to V. 

Tables I. to V. give the results of experiments on trac- 
tion performed at ordinary temperatures, or from 50° to 
68^ Fahrenheit.* 

To insert details of the observations by which these results 
have been attained seems to the author quite superfluous, 
and would, moreover, occupy too large a space. In Table V., 
however, certain bars have been selected to show the amoimt 
of elongation arising from the traction of iron and steel of 
different degrees of hardness, and to show the greater or 
less rapidity with which they elongate. 

To enable the reader to see these elongations at a glance, 
some of them are represented graphically by curves ; but as 
these curves do not in general vary to any material extent 
for iron or steel of the same chemical composition and manu- 
factured in the same way, we have given in Plates III. 
and IV. only a few examples of such curves chosen from 
among the different kinds of iron and steel examined. The 
ordinates represent the amount of the stretching load, ex- 
pressed in lbs., per square inch, and the abscissae represent 
the entire permanent elongation produced by these loads, or 
by the smaller ones previously employed during the experi- 
ments, expressed in percentage form, that is, in lines per 
foot of the original length of the bar.* 

In such curves (the form of which is, of course, essentially 



"• To assist in the comparison of these experiments with those performed in 
other countries, the reader may be reminded that the numbers which express 
the load in Swedish lbs. per square line (in the original), are by multiplying — 

by 4*8201 reduced to kilogrammes per square centimetre. 
„ 68*62 yy English pounds per Eng. sq. inch. 

„ 0*03061 „ „ tons „ sq. inch. 

„ 65*78 „ German zoUpfund per Prussian sq. inch. 

„ 59*727 „ Vienna pounds per Vienna sq. inch. 

* In order to show the difference between the Bessemer material and the 
other, these two plates have been condensed into one (PI. IX.), where the results 
of the trials with the Bessemer material are drawn in full, and those with 
puddled material are dotted. See the Appendix by the Translator, 



Chap. I. at the Ordinary Temperature. 27 

dependent on the proportion between the scales used for the 
ordinates and abscissae) the point of maximuffi curvature 
demands considerable attention, as Herr Thalén has remarked 
in his memoir previously cited. If the scale for the elonga- 
tions be tolerably large, as in PI. V., where the ratio of 
the scale of elongation to that of the load is ten times 
greater than in Pis. III. and IV., this point may be easily 
determined, as the nearest points of the curves on both sides 
of the maximum curvature are then tolerably symmetrical 
and straight, and the position of the point alluded to may be 
obtained with sufficient accuracy by drawing two tangents to 
the curves and bisecting the angle between them. This 
point was thus determined by Herr Thalén for the varieties 
of iron and steel tested by him from Surahammar, when the 
curves of elongation were drawn according to the scale used 
by him. His determination on this point, which differs but 
little from that of the limit of elasticity to be afterwards 
explained, is given in Table I. 

The position of the maximum curvature is, however, de- 
pendent to a certain extent on the scale, according to which 
the curve of elongation is constructed ; and the author has 
sometimes found a difference of 40 lbs., according as the curve 
has been constructed on the scale employed in Pis. lU. and 
IV., or on that in PL V.* For this reason it has not seemed 
proper to use the maximum curvature of the curve of elonga- 
tion as a measure of the stiffness, or for the determination 
of the limit at which any permanent elongation practically 
begins to be evident. 

11. lÅfMi of elasticity as commonly defined. 

By the " limit of elasticity " is generally meant, as is well 
known, the least load by which a permanent alteration of 



• That the position of the maximum curvature is dependent on the scale 
employed, may be proved mathematically in the following way : — 

If y = / (x) be the equation to the curve of elongation, in which y denotes 
the value of the loud in lbs. per square line of the original mean area of the 
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form is effected ; but the determinatioii of this load depends 
entirely on the delicacy of the instruments used for its 
measurement. Moreover, we know that an extended bar 
does not, on removal of the stretching weight, instantaneously 
resume its original length, but a so-called secondary action 
{efterverkan) ensues ; that is to say, the bar at first assumes 
a length slightly different from its original dimension, and 
returns only by degrees to its primitive length. 

A secondary action of this kind occurs on flexion, and, 
according to Kupffer,'' may be observed even after several 
days ; and the same thing doubtless occurs aft«r tension. 

12. Limit of elasticity as defined by Wertheim and others. 

Mindful of the impossibility of determining the position of 
the limit of elasticity, according to the definition commonly 



bar, and z the corresponding total elongation on a certain scale, then on 
another scale for the abscisssB, according to which, for the same values of the 
prdinates, the abscisssB are m times greater, the equation to the curve becomes 

changed toy =fL^\ 

If, further, / (x), /" (aj), and /" (»), denote respectively the first, second, 
and third derivatives of /(a;), we know by the Differential Calculus that the 
radius of curvature (p) to the curve y = f(x) is obtained from the equation 

p = ± > J » ^^^ t^* *^6 values of ar, for which p is a minimum, or 

1 d 

the curve — a maximum, must satisfy the equation -— = 0, that is, 
p dx 

f" («) . (l +/^)') - 3/ (X) . f¥f = 0. 

The value of oj, which corresponds to the greatest curvature in the curve 

y = / ( — ) must satisfy the equation 

But if a value x^ satisfies the former equation, or makes, 

r (a^i) (l + /ÖÖ') - 3/(0^0/^)' = 0, . 
then, for a; = wa;, the latter equation does not generally become = 0, but 
obtains the value /'" (Xi) (m^ - 1), which cannot be 0, unless either 
TO = ± l.or/"'(a;0 = 0. 

7 ' Becherches experimentales sur Telasticité des Metaux/ St. Pétersbourg, 
1860. 
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accepted, Wertheim and several other physicists have defined 
this limit as that weight which produces a permanent elonga- 
tion of 0*00005 of the original length. As thus defined, how- 
ever, the limit is even of less value in comparative experiments 
on different kinds of iron and steel, for it cannot generally be 
determined with any degree of accuracy. As received fix)m 
the iron- works, bars are rarely so true that they can be em- 
ployed in experiments on tension without having been 
previously straightened, and this straightening can scarcely 
ever be performed so accurately that other curves are not 
produced. From the calculation previously given concerning 
the effects of curvature on the measurement of the length, 
it follows that a deflection vertically downwards of 0-43 line 
in the middle of a bar occasions an error of measurement 
amounting to about 0*025 line in a 5-feet bar, which is equi- 
valent to 0*00005 of its length. If, therefore, a bar, which 
when placed in the press has at first a curvature vertically 
downwards, becomes straightened by tension to such an 
extent that the deflection is 0*43 line less, the bar has ap- 
parently suffered an elongation corresponding to the limit of 
elasticity as last defined. 

But even if we coviJId determine when a bar has reaUy 
suffered an elongation of 0*00005, this would be insufficient 
information with regard to the stiffness of the metal tested, 
for an elongation of so insignificant an extent may be pro- 
duced by very different weights if operating in different ways. 
Thus, if it can be produced by a certain load stretching the 
bar for one minute, it may also be produced by a smaller 
load acting for a longer time, or by several smaller weights 
which successively stretch the bar; and, indeed, this last 
condition must always obtain in experiments carried out for 
determining the limit of elasticity. The position, therefore, 
of such a limit is dependent, in no small measure, on the 
method actually employed for its determination. In order to 
show the approximate position of the limit of elasticity, as 
defined by Wertheim, some determinations are given in 
Table I. as obtained by Herr Thalén. The bars tested were 
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not free when measured, but were strained by a moderate 
tensile force ; and the amount of this stretching weight, which 
is given in the table, has of course been included in the 
determination of the limit of elasticity. 

13. New definition of the limit of ekutticity. 

As, therefore, no definition of the limit of elasticity yet 
given® has been found perfectly satisfactory, the author ven- 
tures to propose a new definition which, in his opinion, 
possesses considerable advantage over those already in use. 
If an iron or steel bar be gradually extended by successive 
loads, which at first are so small that they occasion no per- 
ceptible permanent elongation, but are gradually increased, 
and are always allowed to operate for as many minutes as 
each additional weight is per cent, of the entire load, then 
the author regards as the " limit of elasticity " that load by 
which, when it has been operating by successive small 
increments as above described, there is produced an in- 
crease in the permanent elongation which bears a ratio to 
the length of the bar equal to 0*01 (or approximates most 
nearly to 0*01) of the ratio which the increment of weight 
bears to the total load. Whenever the limit of elasticity 
is mentioned in the following tables, as weU as in those 
appended, it is always to be understood that the expression 
is used in accordance with the definition just given, unless 
the contrary be expressly stated. 

It would be inconvenient to increase the load at each 
separate stretching by an amount less than about 2% of that 
previously employed ; nor indeed is this necessary for the 
determination of the limit of elasticity, for as long as the 



8 See Fairbaim's Paper on the Mechanical Properties of Steel, read before 
the British Association, at Dundee, 1867, for definition of the term "limit of 
elasticity." — Bemärk of (he Trmidaior, 

^ Up to the elastic limit the defleetioru are proportional to their corresponding 
drains, but beyond this point the deflections increase in a much higher ratio. 
Hence the deflection corresponding to the elastic limit is the greatest deflec- 
tion which is found to foUow the elastic law just explained." — Fairbaim, 
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successiye additions to the load do not amount to more than 
a small percentage, it may be assumed, without any consider* 
able error, that these additional weights and the increments 
in the permanent elongation are proportional If, therefore, 
the entire load acting on the bar be represented by P, the 
additional weight by which the load is each time increased, 
and which may be constant, by AP; the length of the bar 
by L ; the increase in the permanent elongation by AL, this 
increase being produced by the action of P + AP, when 

A P 

allowed to operate for 100 x -p- minutes ; then the limit of 
elasticity, defined as above, corresponds to that load at which 

A T A T* 

-J- becomes equal, or approaches nearest, to 0*01 -^, which 

A T P 

may therefore be also expressed as 100 x -j^ X jp = 1, or 
most nearly=l. ' With a little practice it is possible, if the 



> If the limit of elasticity shaU denote a quality that is charaoteristio for 
the mat«nal tested, and have any practical use, then the value determined for 

al p 

the quantity -rr- • —^ must be such that this quantity in the neighbourhood 
\j AP 

of the limit is always increased or diminished when P is increased or dimi- 
nished, and this so rapidly that it may be determined with sufficient accuracy 
what value of P gives the value which according to our definition corresponds 
to the limit of elasticity. Our proposal to distinguish with the name of "limit 

AL P 

of elasticity " that value of P which makes -^r- • — = = 0*01, seems to fulfil this 

Li A P 

condition for iron and steel, as seen by Tab. Y., and by the graphic delineations 
in Plates III. to Y. ; but sufficiently exact and complete experiments have not 
yet been undertaken to determine whether it is applicable also to other metals. 
We naturally desired to give such a definition of the limit of elasticity as 
should be free from any arbitrary determination, but in this we have not suc- 
ceeded, as it was not desirable to sacrifice the most important requisition 
of such a limit, namely, that its position should always be capable of deter- 
mination with the necessary degree of accuracy. It might be presumed that 
the limit of elasticity would be placed where, for equal additions to the load, 
the differences between the successive additions in the permanent elongation 
attained a maximum ; but an examination of the results of experiments on a 
large number of bars has shown that there are generaUy several such maxima. 
Among these, the position of the first was dependent on such smaU differences 
in the elongations that they might fairly fall within the limits of errors of 
observation ; and that which was absolutely greatest occurred when the bar 
obtained a rather considerable elongation, which for iron may amount to 
0*5%. Further, the increments of elongation at each extension, as previously 
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additions to the load be small, to determine with sufficient 
accuracy the position of the limit of elasticity directly from 
the record of the experiments, even if that record — as in 
these researches — merely gives the weights in the scale-pan 
on the lever connected with the tension-apparatus, and the 
permanent increments in the length of the 5-feet bar, ex- 
pressed in divisions of the scale. As before stated, the lever 
and its scale-pan corresponded to a weight on the scale of 
153-48 lbs., and 1 division on the 8cale=0-06898 line. If 
now the weight on the scale be denoted by j?, the addition to 
this weight at each successive stretching by,Aj?, and the 
corresponding increase in the permanent elongation expressed 
in divisions of the scale by AZ, then we obtain 

100 ' AL _P_ _ -i/^n AT 0- 06898 (1 53-48 + j )) 20'084 
L -^p — iW.a^. g^Q • Ap . 20048' 

and hence at the limit of elasticity 

AZ . ^^^^'^l^^^ = (or very nearly =) 72-4. 

In order, however, to determine the limit of elasticity with 
greater accuracy, the results of experiments on tension in the 
neighbourhood of the limit have more often been repriesented 
graphically ; and for convenience a scale has been used in 
which 100 lbs. on the scale correspond to 1 dec. inch, and an 
elongation of 10 divisions on the scale are likewise equal to 
1 dec. inch. When the curve of elongation is drawn accord- 
ing to this scale, the tangent to the curve should have at 
that point which corresponds to the limit of elasticity an 

inclination towards the axis of abscissae of ^^. — -. When, 

on the contrary, the curve of elongation is drawn on the 
scale employed in PI. V., the inclination of the tangent to 



described, are dependent to too great an extent on the method of extension to 
admit of differenoes between them being applied to such a determination as is 
here mentioned. 

With regard to very brittle materials, such as hard casMron, &c., it is 
scarcely practicable to determine their limit of elasticity, even if they are 
capable of assuming a slight permanent elongation previous to fracture. 
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the axis of abscissaB becomes O'OOl Pj, where P, is the load 
per square line. 

In the plate last referred to, fig. 2 shows the commence- 
ment of the curve for a soft-iron bar, and fig. 1 that for a 
steel bar, with which three series of experiments on tension 
have been performed, and whose limit of elasticity has been 
gradually raised in the manner afterwards described. Through 
the points L, B, E, and H, which correspond with the limits 
of elasticity, and whose ordinates are 490, 085, 835, and 920 ^^ 
respectively, tangents are drawn parallel to each of the lines 
AN, AO, AP, and AH. As the lines KN, KO, KP, and 
£ H are made equal to the ordinates of the points L, B, E, 
and H, and as A K is equal to 1000 on the scale of the 
ordinates, the tangents of the angles which AN, AO, AP, 
and A H make with the axis of abscissae were 0'490, 0'685, 
0*835, and 0*920 respectively ; and these lines have thus 
the inclination of 0*001 Pi to the tangents at the limit of 
elasticity. 

The same plate shows also that the limits of elasticity lie 
very near to, and only a little higher than, the points where 
the curves of elongation have their maximum curvature; 
and this is always the case when the curves are described on 
the scale here employed, or on any other that does not differ 
widely therefrom. But if the curves be traced on the scale 
employed in Plates III. and IV., the maximum curvatures 
will be somewhat higher than the points corresponding with 
the limits of elasticity ; and this is especially marked in the 
curves for soft-iron. 

In order to determine whether greater or less irregularities 
in the method of applying the tensile force exerted any con- 
siderable influence on the accuracy with which the limit of 
elasticity is determined in the manner previously described, 
some experiments have been performed with bars which were 
originally formed of one piece of metal, and should therefore 
have at least very nearly the same limit of elasticity. These 

'® These numbers represent the load in Swedish lbs. per square line. — 
7Van«2ator. 
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were subjected partly to unequal increments in the stretching 
load, and partly to the same load operating for unequal 
times. The principal results of these experiments are given 
in the table opposite. 

With the exception of the bar No. 4, the agreement be- 
tween the values obtained for the limit of elasticity, accord- 
ing to our definition, is as close as need be required. In re- 
spect to that bar, No. 4, the difference between the two 
values must have arisen mainly from some difference in the 
material forming the two portions ; either the metal in 
the two parts was somewhat different chemically, or one end 
of the bar had been less heated during rolling than the other. 
From this, it may be concluded that at each stretching the 
part 5 obtained a less increase in its permanent elongation than 
the part a, so that when the load on the square inch was 
raised, for example, from 33,486 lbs. by an addition of 1200 lbs. 
for the part 6 and 295 lbs. for a, the elongation was increased 
by 0-003% in the former case, and 0*008% in the latter ; and 
consequently even Wertheim's limit of elasticity was about 
5147 lbs. per square inch higher for 6 than for a. When the 
limit of elasticity has been raised by tension, as will afterwards 
be shown, it might possibly be expected that those iron bars 
which during the experiment have been stretched a greater 
number of times before reaching their limit of elasticity, or 
those on which the loads have been operating for a longer space 
of time, should attain a greater permanent elongation, and con- 
sequently have a higher limit of elasticity. As, however, the 
difference between the permanent elongations has in no case 
exceeded 0*015%, and as a permanent elongation of from 4% 
to 6% in the different kinds of iron examined corresponds on 
the average, as will presently be shown, to an elevation of 
6862 lbs. in the limit of elasticity, it will readily be seen that 
the increase in that limit occasioned by such a difference as 
that just mentioned (viz., 0*015%) must be far too small to 
admit of correct determination. 

Against our definition of the limit of elasticity, it may cer- 
tainly be objected that it is to a certain extent arbitrary ; 

D 2 
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but the same objection may be urged with even greater force 
against the definition given by Wertheim and other authors. 
As seen from Table V., the increments in the permanent elon- 
gation change rapidly on approaching the limit of elasticity 
as defined by us ; and therefore that limit may be readily 
determined with sufficient accuracy. Moreover, it is charac- 
teristic of the material in the condition to which it has been 
brought by previous manipulation. Again, its position, as 
previously shown, is not dependent in any considerable de- 
gree on the method employed for its determination, at least 
within the limits that might reasonably be attained in ex- 
periments on tension. At this limit, too, the permanent 
elongations begin to be so great that they become of prac- 
tical importance ; and in bars which have not been freed 
from the scale formed during annealing, the limit may be 
observed by the scale beginning to peel off. 

14. IiiiCTea»e of limit of Elasticity hy stretching and other Mechanical 

Means. 

It is well known that the limit of elasticity in metals may 
be raised by cold-hammering, cold-rolling, wire-drawing, or 
by any other manipulation which, acting in the cold, tends 
to change the relative position of the molecules of the metal. 
This method of increasing the elasticity is indeed often taken 
advantage of by workers in metal. We shall afterwards show 
that the absolute strength may also be augmented by similar 
mechanical treatment, but that the extensibility is at the 
same time diminished. 

In order to show in what proportion the limit of elasticity 
is raised by tension, let us refer to fig. 1, PL V., where the 
curve ABO represents the elongation which a sample-bar 
has obtained by loads amounting to 55,925 lbs. on the square 
inch ; whilst the curves D E F and G H I show the elonga- 
tions produced when the same bar, after having been stretched 
ten times by a force of 1029 lbs. per square inch, was again 
tested with a smaller weight, which was gradually increased 
to 63,816 lbs. per square inch ; and, finally, for the third 



Chap. I. at t fie Ordinary Temperature. 37 

time, was submitted to the action of the same force as at the 
commencement. In these curves all the points determined 
by observation are marked with a cross. In the curve ABC 
the limit of elasticity is placed, according to the first experi- 
ment, at 47,004 lbs. ; according to the second at 57,279 lbs. ; 
and to the third at 63,130 lbs. The limit was thus raised by 
tension 16,126 lbs. 

The same fig. also shows that the upper parts, B C, E F, 
and H I, lie in the continuation of the direction of each 
other. By experiments with several other sample-bars of 
iron and steel, the author is persuaded that the same thing 
always occurs when a bar is stretched beyond its limit of 
elasticity, and then submitted to fresh tension, provided that 
the new series of experiments closely follow the previous 
ones, and that the temperature during the whole time has 
not varied to any great extent. If, on the contrary, the bar 
be allowed to rest awhile before the experiments are renewed, 
and especially if it be gently heated (for example, to 300® F.) 
the limit of elasticity is often found to be much higher than 
might have been expected in consequence of the tension to 
which it was previously submitted. This subject will, how- 
ever, be afterwards resumed. 



15. Effect of repealed stretching with ihe same Load, or unih a smaller 
Load than that jprevumsly sustained. 

If a bar be stretched several times in succession by a load 
sufficiently great to produce a permanent elongation, it is 
found that this load causes each time a new elongation, al- 
though its value, other things being alike, becomes each 
time less than at the previous experiment, as shown at C in 
fig. 1, PI. v., and also seen in Table V., from the results of 
tension on the bar N.P. 1.^ Even a smaller load than that 
which the bar has previously sustained may occasion a per- 
manent elongation ; but if the former does not amount to 



Conf, * öf^ersigten af YeteDBkapsakademiens forhandlingar,* 1863, p. 434. 
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0*9 of the latter, the elongation rarely reaches 0'015%, and 
for comparatively small loads becomes almost imperceptible ; 
provided, of course, that the tension is exerted in both cases 
in the same manner. 

16. Investigaiion of the Curves of Permanent Elongation. 

From the curves which represent the permanent elonga- 
tions, it is farther seen that these elongations are not pro- 
portional to the loads employed, but rather to the excess of 
the loads over that at the limit of elasticity ; and that for 
the same increment of weight they are greater in iron than 
in steel. Judging from the same curves, iron and soft steel 
appear to be most sensitive for small increments in the load 
soon after having passed the limit of elasticity, whence the 
curves generally show a slight convexity towards the axis of 
abscissae.* It is easily understood, moreover, that the form of 
the curve is dependent to a certain extent not merely on the 
greater or less homogeneousness of the material, and on the 
treatment to which it has been subjected (especially if ham- 
mered), and also on the irregularity of its dimensions, but 
likewise on the manner in which the tension has been effected. 
If when the load has reached a certain limit, the additional 
weight by which it has each time been increased should be 
diminished, or if the load be allowed to operate for a longer 
time, the elongation must be somewhat greater, and conse- 
quently the inclination of the curve towards the abscissa- 
axis must be diminished. 



^ Possibly this sensitiveness may be connected with the development of 
heat, which always accompanies permanent elongation. A bar of this kind of 
puddled steel, whose curves show the greatest convexity towards the abscissa- 
axis, has, when surrounded by water during tension, afforded a curve which 
nearest to the abscissa-axis is nearly straight (R 3, PI. IV.). We have, how- 
ever, had no opportunity of making any closer investigations on this subject. 
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17. Determination of the Absolute Strength and ExtenHbility. 

To be strictly accurate in the determination of the abso- 
lute strength of bars of iron and steel the amount of the 
breaking weight should be determined on each unit of the 
original area at the actual place of fracture ; but as it is of 
course impossible to foresee the precise point at which the 
bar shall break, this area must be always calculated from the 
areas of the nearest adjacent parts where measurements have 
been taken. Since, however, it has been found after repeated 
determinations that this does not diflfer in any considerable 
degree from the mean area, the amount of the breaking 
weight has been calculated in the tables on the square inch 
of the original mean area. For the same reason the size of 
the fractured surface has also been compared with that of the 
original area at that point. 

As it may be of interest to know the amount of the load 
necessary to rupture a bar as compared with that which cor- 
responds to the limit of elasticity, the ratio between these 
weights is given in a separate column in the tables. This 
relation, like the absolute strength and the limit of elasticity, 
is dependent not only on the chemical composition of the 
bar, but also on the manipulation to which it has been sub- 
jected. Thus, for Högbo Bessemer iron treated under the 
hammer, this ratio is 1-27-1 '37; but for a bar of the same 
kind, which has been heated previously to teeing, it becomes 
1-81 (see Nos. 9, 10, & 11, Table III.). 

As a guide to the determination of extensibility we have, 
as before stated, measured after rupture the elongation per 
foot which occurred at fracture, and have also determined 
the size of the fractured area in relation to the original mean 
area. In a practical point of view the former is of the greater 
importance ; but if in that case the experiments on tension 
are to be fully satisfactory, the bar must be as far as possible 
homogeneous in structure and uniform in dimensions, and 
must not have been weakened at any point by heating. As 
evidence of the importance to be attached to this last condi- 
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tion, it will be sufficient to refer to some of Herr Thalen's 
experiments. The ends of a bar having been heated and 
doubled together in order to be fastened in the press, and 
the bar having been broken near the end in consequence of 
this heating, it was again introduced into the apparatus and 
broken by the use of clamps. In this way Thalen found 
that during the second trial the bar could sometimes assume, 
without breaking, three times as great an elongation as in 
the former experiment, although the breaking weight in the 
latter case was only about 16% greater. In the examin- 
ation of steel containing about 1*2% of carbon, the author 
found, by proceeding in the above manner, that the percent- 
age elongation was nearly quadrupled when the breaking 
weight was raised only about 30%. This arises from the 
fact that the elongations generally increase more rapidly as 
the load approaches the breaking weight. With regard to 
the sample-bars mentioned in Tab. I., which have been broken 
outside the marks drawn upon them for the sake of measure- 
ment, and which it has not been considered necessary to 
break again with the use of the cast-iron clamps, it is possible 
that the . elongations measured may, in consequence of the 
heating; be somewhat too low. Such bars are therefore indi- 
cated in the table by a reference figure referring to a foot^ 
note ; but there is reason to believe that in most cases the 
results are sufficiently accurate. 

In the course of these investigations it has often been ob- 
served that the amount of elongation on fracture is dependent, 
to a great extent, on the rapidity with which fracture occurs. 

The diminution of area at the place of rupture may be 
taken in general as a tolerably good guide to the determina- 
tion of extensibility; but the amount of this diminution is 
also greatly dependent on the homogeneousness of the metal, 
its freedom from flaws, and the manner in which it has been 
treated during the experiment. This diminution is by no 
means proportional to the elongation per foot. Indeed, 
it may happen that in a given bar the ratio between the 
area of fracture and the original area shall be greater than in 
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another bar which has suffered less elongation. The con- 
traction of the fractured surface is, nevertheless, a tolerably 
accurate measure of the extensibility of any given bar ai 
the adiml place of fradv/re. It is, however, as Lagerhjelm 
has remarked,^ dependent to some extent on the greater or 
less rapidity with which fracture has been produced. 

18. Breaking Load on Unit of Area of Fracture. 
As the absolute strength is generally increased, whilst the 
extensibility is diminished by the presence of a larger propor- 
tion of carbon in the material, or by the traction or other 
mechanical treatment to which it has been subjected, it sin- 
gularly happens that the breaking load on the unit of the 
area of fracture is often pretty much the same for good iron 
as for steel, if they have both been worked by a similar 
method. The author, therefore, following some foreign 
writers, has given this load in a separate column in the 
tables, although he does not consider that it denotes any 
exact measure of the quality of the material. Thus, a soft- 
iron bar is not capable of sustaining anything like so great a 
strain immediately previous to rupture, as it has borne before 
commencing to contract at the place of fracture. The 
fractured sur&ce has therefore never sustained the actual 
breaking strain given in the tables. When bars which con- 
tain the same amount of carbon are compared, a small 
breaking weight on the fractured area denotes, other con- 
ditions being similar, an inferior material.* 



» See * Jemkontorets Annaler/ 1826, Heft 11., p. 74. 

* We have but rarely described the appearance of the fractured surface of 
the bars, partly because this cannot usually be done with sufficient accuracy 
either by delineation or by description, and partly because the appearance is 
dependent to a great extent on the manner in which the fracture is produced. 
When gradually broken, the fracture of iron is always fibrous, if the metal is not 
cold-short, or burnt by long exposure to a welding heat ; and the game thing 
occurs with soft steel. On the other hand, if suddenly ruptured, the fractured 
surface, according to Kirkaldy, is never fibrous. {Experiments on Wrought- 
iron and Steel, Glasgow, 1862, p. 92.) 

The appearance of the fracture is, however, always instructive with regard 
to the freedom of the metal from imperfect welding or from mixed slag. 
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19. Different Effects of annealing and mechanical treatment <m the 
Elasticity^ Extensibility, and Absolute Strength of Iron and Sted. 

It is well known that the limit of elasticity, if raised too 
high by mechanical treatment, can be reduced by the process 
of annealing. Every one knows, for example, that if iron 
wire, hard drawn and therefore very stiff, be subjected to 
annealing, it loses the greater part of its stiffness and becomes 
soft and flexible. By annealing a bar of iron or steel, we 
diminish not only the load which corresponds to the limit of 
elasticity, but also that which is required to produce fracture, 
whilst on the contrary the extensibility is thus increased; 
and this effect of annealing is so much the greater, the higher 
the temperature at which it is performed in relation to that 
at which the iron or steel has previously been worked. A 
precisely opposite effect is produced, as already stated, by 
any mechanical operation which, acting at a low temperature, 
tends to change the relative position of the molecules of the 
material ; such, for instance, as stretching, cold-hammering, 
&c In instituting a comparison between the results ob- 
tained for iron and steel of different brands, as given in the 
annexed tables, the methods of treatment to which they have 
been exposed, and the different temperatures at which they 
have been worked, should not be forgotten. In comparing, 
for example, Bessemer iron from Högbo, which has been 
hammered (Nos. 9 and 10, Table III.) with the samples from 
Carlsdal (Nos. 22, 23, and 24, Table III.), which contain the 
same amount of carbon but have been rolled, it is found that 
the latter exhibit less strength and stiffness than the former, 
but thrice the extensibility. In order to clearly determine 
the effects of different methods of drawing down, the bar 
No. 23, from Carlsdal, previously broken, was hammered at 
a low degree of heat (about 570° Pahr.) for a length of about 
7 dec. inch, until the sectional area was there diminished to 
one-half: this portion was then filed even and divided off, 
and the bar was introduced into the press and broken. At 
first, it broke with a load of 128,731 lbs. on the square inch. 
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biit it elongated only a little more than 1% (the inch division 
at which fracture occurred not being included), whilst the 
area of fracture was 0*74 of the original area. The longer of 
the two broken parts was then heated to redness and allowed 
to cool : it was then fastened in the press by the cast-iron 
clamps previously mentioned, and was again broken. Fracture 
now occurred with a load of 65,825 lbs. on the square inch of 
the area which the bar exposed after the previous experi- 
ment ; and the area of fracture was then only 0*41 of this 
area. The elongation in a length of 4 inches^ including the 
place of fracture, was 22*7% ; whilst at the previous rupture 
the elongation in the same length, and estimated in the same 
way, amounted to only 2*7%. A bar of iron from Lesjoforss, 
made in the English charcoal hearth, after heating and slow 
cooling, sustained only 44,603 lbs. per square inch ; but when 
its sectional area had been reduced to about one-half by cold 
hammering, and then smoothed by filing, it could not be 
broken until the load was increased to 82,892 lbs. per square 
inch. The elongation, however, then amounted, except at 
the place of fiucture, to not more than 0*5%, although the 
area of fracture was only 59% of the mean area of the filed 
part previous to rupture. 

20. Mean EhngcUion between the limit of Elasticity and Fracture for 
an increase in the Load 0/ 6862 Tba, per Square Inch. 

Whilst the mechanical treatment to which iron and steel 
have been subjected, and the temperature to which they have 
been exposed during manufacture, exert a considerable in- 
fluence not only on the position of the limit of elasticity, and 
on the absolute strength of the metal, but also on its exten- 
sibility ; they appear likewise, although in a less degree, to 
affect that amount of elongation which, reckoned at a mean 
between the limit of elasticity and fracture, is produced by a 
certain addition to the load, say of 6862 lbs. per square inch. 
This elongation is, to a certain extent, characteristic of the 
chemical quality of the material, as shown by the following 
results : — 
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Per Cent, 
Bessemer steel, and so-called Uchatins steel, containing \ 

from 1-85 to 1% of carbon / o*3too-9 

Puddled steel, carbon 0*7% i to 2 

Uchatius steel, and other cast-steel, with from 0*69 to) 

o-6i%of carbon I i-2to3-i 

Bessemer steel and iron, with from 0*42 to 0*33%) 

carbon .A ^''»»^ 

Cold-short iron from Åryd 0*8 to 3*4 

Iron from Dudley containing much slag and phos-l 

phorus, and haying a sp. gray, of about 7*5 .. .. ) ^ ^ ^ 
Puddled iron from Middlesbro'-on-Tees, sp. gray. 7*65 3*4 to 5-9 
Puddled iron, more fi^ee from slag, from Surahammar 

(N. & N.P.), and from Low Moor, with sp. gr. of 6* i to 9*5 

7'77to7-8 ) 

"Lancashire iron" fix)m Lesjoforss, sp. gr. 7*84 .. .. 7'3 to 7*8 

Why the mean elongations of the samples of Bessemer 
steel, numbered 7 and Sin Table III., are so small, may 
probably be explained in the following manner. These bars, 
like forged steel bars generally, are very unequally stretched ; 
thus, in No. 8, the total elongation on 2 feet was 1'85%, whilst 
on 1 foot, where fracture occurred, it was 11'5%. Probably 
the limit of elasticity ascertained, as well as the breaking 
strain, refers only to that part of the bar last mentioned ; and 
if we calculate the mean elongation of this foot-division cor- 
responding to an increase of 6862 lbs. in the load, it will be 
found to be 2*13, or nearly the same as that of bar No. 30, 
which contained the same proportion of carbon but had been 
rolled. It is evident, however, that if perfect agreement is 
to be expected between bars of the same chemical compo- 
sition, they should be homogeneous in structure, and should 
have undergone precisely similar treatment, whilst their 
sectional areas should also, of course, be exactly equal. Bars 
of cast-steel are, no doubt, best adapted for such comparisons, 
especially those which have been rolled and afterwards filed 
down with great accuracy. 

Experiments on tension have also been carried out with 
bars (not, however, inserted in the tables) which, before 
stretching, had been more or less strongly heated to neutralise 
the effect of the mechanical treatment which the bar had 
previously undergone. With such bars it was found, as 
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indeed might have been anticipated, that the elongation^ 
referred to above, was in general somewhat diminished if 
the heating had been equally strong in all parts of the bar. 
Sometimes, however, the amount of elongation was aug- 
mented ; a result which should not have been obtained, if 
the elongation had been in any essential manner dependent 
on the mechanical treatment of the material. From the 
curves in Pis. III. and IV., it is found that the percentage 
elongation caused by a' certain increase in the load, corre- 
sponding to the tangent of the angle formed by the inclination 
of the curve to the axis of ordinates, must be less if the bar 
has been broken in consequence of any flaw ; and it may also 
be observed within what limits the same elongation may vary 
according as the fracture is produced more or less readily. 



21. lAmii of ElasHcity, Absolute Strength, and Extensibility^ influenced 
by Proportion of Carbon. 

On comparing the absolute strength, the position of the 
limit of elasticity, and the extensibility of different kinds of 
iron and steel, it is found that the hardest varieties possess 
the greatest absolute strength, and also require the greatest 
load before reaching their limit of elasticity, but that they 
exhibit the least extensibility; whilst, on the contrary, as 
the hardness is diminished the absolute strength and stiff- 
ness are lowered, but the extensibility is increased. Thus, 
among the samples of iron and steel £rom Surahammar, 
it was found that the limit of elasticity in the iron was 
reached by a weight, on the average, of about 30,789 lbs., 
and that fracture occurred with 48,720 lbs. on the square 
inch ; but in the hardest steel, or No. 1, the limit of elasticity 
corresponded to a load of 43,916 lbs., and fracture first oc- 
curred with about 87,147 lbs. on the square inch ; the mean 
values being reckoned in all cases. In the steel marked 
N.P.I, the average absolute strength amounted to 108,419 
lbs., and was thus more than twice as high as in puddled iron. 

On the contrary, the iron elongated on fracture 2*3 inches 
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per foot on the average, or nearly 20% ; whilst the puddled 
steel, No. 1, did not stretch much more than 6%, and the 
hardest and strongest kinds, N.P.I, and B.I., only about 4%. 

In order to show more clearly the relation that subsists, in 
the samples from Surahammar, between the strength of the 
metal and its proportion of chemically-combined carbon, a 
small table is here inserted showing the results of experi- 
ments on some of the bars. The carbon was determined at 
the School of Mines, in Pahlun, by Professor Eggertz's 
colouration test which gives the amount of chemically- 
combined carbon as near as 0*1%.* 



Description of 
iron or steel. 


Percentage of 
Carbon. 


Breaking strain 
in lbs. per 
square inch 
of section. 


N. P. I. 


0-8 


iir.78r 


N. P. 2. 


0'7 


84, 265 


B. I. 


0-8 


90,921 


B. 2. 


0-55 


86,991 


B.3. 


0-5 


71.090 


B-iion 


0'2 


48,102 


N. H. I. 


o*7 


83,441 


N. H. 2. 


0-7 


83,716 


P.I. 


0-6 


73,492 


P. 2. 


0-6 


82,344 


G. 2. 


0-5 


78.432 


G. 2. 


0-7 


86,049 



From the preceding table it is seen that in steel or iron, 
puddled from the same pig-iron, and worked in the same 
way and with equal care, the absolute strength increases with 
the proportion of carbon, provided at least that this does not 
exceed 0-8%. 

In like manner, in Bessemer and Uchatius steel, the 



* The translator has recently verified the accuracy of this method. On 
determining, by combustion in oxygen, the amount of carbon in three kinds of 
Bessemer steel, containing respectively 0*25%, 0*5%, and 1%, previously deter- 
mined by the Eggertz process, he found that in no case did the results obtained 
by the two methods vary as much as 0*1%. — Translator. 
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absolute strength (as seen in Table III.) is augmented, whilst 
the extensibility is diminished, by an increase in the pro- 
portion of carbon, until it reaches about 1*2%, when the 
strength is found equal to more than 137,240 lbs. per square 
inch. But if the amount of carbon be increased to 1*5%, or 
beyond that amount, then the absolute strength as well as 
the extensibility is lowered, especially for Bessemer steel. 

It would doubtless have been a question of much interest 
to determine more accurately the condition in which the 
carbon existed in those bars which were examined ; but the 
author was not in a position to enter upon this investigation, 
and, indeed, the subject is fraught with such diflSculty, in 
spite of the progress of modern chemistry, that it is question- 
able whether such researches, if undertaken, would have led 
to any conclusive results. 

22. InfisibefiGe of Phosphorus and Slag on Iron. 

Among the varieties of iron examined, those which, after 
the Lesjöforss iron, contained the smallest proportion of 
carbon (viz., Cleveland and Aryd irons), but which con- 
tained from 0*24% to 0-29% of phosphorus, have been 
found to possess the greatest absolute strength — ^Bessemer 
iron only excepted. It might be supposed that this result 
is owing to these irons which are rich in phosphorus, 
having been rolled at a low temperature, when the limit 
of elasticity is also tolerably high. This, however, is clearly 
not the principal reason ; for certain sample-bars have 
been heated to redness previously to stretching, and it has 
then been found that neither the limit of elasticity nor the 
absolute strength is lower than in other bars of the same 
make. The strength of a bar of Aryd iron, after exposure 
to a white heat was first reduced to 47,690 lbs., but the 
limit of elasticity was still at 38,084 lbs. ; and in a bar of 
Cleveland iron neither the limit of elasticity nor the strength 
appeared to be in any essential manner diminished by a white 
heat. (See Nos. 12 and 36, Table IV.) 
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With regard to the extensibility and other properties 
dependent on ductility or tenacity, the kinds of iron just 
referred to exhibited some very important points of difference» 
Cleveland iron has always shown great extensibility, and 
even after exposure to a white heat it has been possible to 
double up cold bars 0*625 inch thick, and join the ends 
without fracture. But with Aryd iron the mean elonga* 
tion of three bars on fracture did not amount to more than 
6*7% ; and a bar which had been raised to a white heat pre- 
vious to traction elongated only 1%. A cold bar of this iron 
0*46 inch thick, could not be bent in a sharper curve than 
one of about I'6 inch radius to the axis of the bar. The 
Cleveland iron, which contained a tolerably large amount of 
slag and had a specific gravity of about 7*65, always ex- 
hibited a distinctly fibrous fracture, with the exception at 
least of a single bar which had been strongly burnt by long 
exposure to a white heat; whilst the Aryd iron, on the 
contrary, was nearly free from slag, had a mean specific 
gravity of about 7'76, and always broke with a crystalline 
fracture without any trace of fibre. 

The iron from Dudley contained not less than about 0"35% 
of phosphorus, and so much slag that when an attempt was 
made to flatten it out, the metal always fractured to a greater 
or less extent in the direction of its length, and was, there- 
fore, netirly useless for common forgings. This iron certainly 
showed less absolute strength than the two kinds previously 
examined ; but, with the exception of a single bar, not less 
strength than several extremely pure and soft kinds of 
Swedish iron. Although its texture was completely fibrous, 
it could not, like the Cleveland iron, be doubled cold and 
folded without fracture. It was, however, much more flexible 
than the Åryd iron, which contained less phosphorus ; and 
was likewise more extensible than that iron after exposure to 
a white heat. (Gonf. No. 16, Table IV.) 

The sample-bars numbered 21 to 25 in Table IV., which 
were filed out of an English rail and afterwards welded and 
rolled, contained nearly 0*25% of phosphorus, but very little 
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slag — judging at least from the appearance of the fracture^ 
They had a specific gravity of about 7*6, were extremely cold- 
short, and broke with a crystalline fracture ; but on breaking 
they were apparently not weaker than iron very poor in 
carbon and free from phosphorus. Probably they had been 
strongly heated immediately before the last rolling, and 
were afterwards not sufficiently stretched to develope a 
fibrous structure. 

From the behaviour of iron rich in phosphorus, as recorded 
in the experiments above, it appears that phosphorus, like 
carbon, raises the limit of elasticity and strength mthm the 
crystalline particles of the iron (whence results the superior 
. hardness of iron containing phosphorus) ; but that it does not 
increase the cohesion between the separate crystals. 

Phosphorus, as is well known, renders iron more fusible, 
and increases its tendency to crystallize when heated. K, 
therefore, an iron rich in phosphorus has assumed a coarsely- 
crystalline texture by exposure to a strong heat, and has not 
afterwards been stretched sufficiently to bring the component 
crystals close together, and elongate them so as to develope 
fibre, such an iron may prove hard on wear, although neither 
extensile nor strong when stretched. For it is principally 
the cohesion between the crystals in the iron that is of im- 
portance, and not that between the particles wiihm the 
individual crystals. The fracture of such an iron becomes, 
therefore, coarsely crystalline. 

With reference to the Cleveland and Dudley irons, the 
unexpected tenacity of these bars, contaim'ng, as they did, so 
large an amount of phosphorus, doubtless resulted from the 
extension which they have suffered by rolling after the last 
reheating ; and the development of a fibrous structure has 
probably been facilitated to a considerable extent by the 
intermixture of slag. In the sample of Cleveland iron (No. 
12, Table IV.) the proportion of this slag amounted to 2*25%, 
and in another bar (No. 10, Table IV.) to 3%, whilst in the 
Dudley iron it was also 3%; but the latter, judging both from 
its appearance and from its behaviour on forging, generally 
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contained more slag than the former. The slag apparently 
has a tendency to oppose the aggregation of the crystalline 
particles of an iron rich in phosphorus, and hence it is that 
the irons previously mentioned have not been found cold- 
short even after exposure to a white heat. Other examples 
might be cited in which one substance when associated with 
another, although not in chemical combination, diminishes 
its tendency to crystallize. By extending the crystals so as 
to form fibre, the limit of elasticity is also lowered. 

In an iron rich in phosphorus the intermixture of slag 
ought therefore to be beneficial, inasmuch as it considerably 
diminishes its tendency to become cold-short ; but it is well 
known that the cinder makes the iron unsound, and renders 
it incapable of being worked without cracking. Of the dif- 
ferent brands of English iron examined, only that from Low 
Moor was fit for smiths* work. 

An iron that is cold-short, but free from slag, such as the 
Aryd iron, may, when heated, be readily stubbed, flattened, 
or re-formed in any other way, without cracking ; but it is of 
course not suited for use where a high degree of tenacity is 
required. 

23. InflueTice of Fhovphorm on Steel. 

With regard to the influence of phosphorus on steel, our 
knowledge is at present more imperfect than it is with 
reference to the eflect of that element on iron. It is, how- 
ever, generally assumed — and apparently with good reason — 
that the presence of phosphorus is more prejudicial in steel 
than in iron, and that the more phosphorus the steel contains 
the more readily does it lose its characteristic properties by 
repeated heating, so that at length it becomes impossible 
to temper such steel. The French chemist Caron, distin- 
guished for his experiments on steel, explains this effect by 
supposing that the phosphorus, like silicon and sulphur, 
separates the carbon from its chemical combination with the 
iron. It is, however, known that those descriptions of steel 
which are most coQspicuous for their power of enduring 
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several successive reheatings without perceptible alteration-^ 
such as the steel manufactured from Dannemora iron — ^are 
precisely those which contain the least amount of phosphorus ; 
and the author knows no authenticated instance in which the 
proportion of phosphorus has been higher than 0-04% in what 
has been considered a good steel. 



24. Effects of Temper ing ^ on the Limit of Elasticity, EactensibiUty and 
Absolute Strength of Steel and Iron. 

By exposure to a red heat and cooling in water, the limit 
of elasticity is raised not only in steel (as is well known), 
but also, though to a less extent, in soft iron. This is 
demonstrated by the following experiments: — A 12-feet 
bar of puddled iron from Motala was divided into two 
halves, of which one was examined in its unaltered state, and 
the other after being first tempered in water. In the former 
case (No. 30, Table IV.),the limit of elasticity was reached at 
25,889 lbs., and in the latter at 27,996 lbs., or 2607 lbs. 
higher — all of these weights being of course reckoned on the 
square inch. Similarly, a bar of Cleveland iron was bisected, 
and the two halves heated together in order that they might 
be exposed as far as possible to like conditions of temperature. 
One half was then cooled slowly by being embedded in warm 
coal-dust, and the other part cooled quickly by immersion in 
water : in the former case the limit of elasticity was reached 
at 27,653 lbs., and in the latter at 29,437 lbs. Again, a bar 
of Surahammar puddled iron, branded G, after heating and 
slow cooling, had its limit of elasticity at 26,350 lbs., but by 
again heating the metal, and then cooling it in water, the 
limit was raised to 27,928 lbs. A bar of Lesjoforss soft iron, 
made in the English charcoal hearth, and containing only 
0'08% of carbon, had its limit of elasticity raised under similar 
treatment from 18,527 to 31,839 lbs. ; but on reheating and 
slow cooling, this limit was reduced to about 20,586 lbs. 

A series of experiments was arranged in order to determine 
the effect which tempering exerts on the absolute strength 

E 2 
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émd extensibility of steel and iron ; bnt as these experiments 
were not undertaken until the other investigations were 
nearly at a close, it unfortunately happened that bars suitable 
for examination were not at hand : nor was there suflBcient 
time to carry out the experiments. The author therefore 
regrets that his researches on this point have not been so 
instructive as he could desire. The bars used for these 
experiments, many of which had previously been tested and 
broken, were generally from 0*8 to 1 foot each in length, and 
were filed square in the middle for a length of from 0*625 to 
4*6 inches, so that they were always broken at the part 
filed. 

The results of these experiments, which agree substantially 
with those obtained by the English experimenter Kirkaldy,® 
are given in Table YI., and show that the absolute strength 
in both iron and steel is increased by hardening, provided 
that the method employed is properly adapted to the quality 
of the material. That steel hardened in water and not 
tempered, becomes very brittle, doubtless results from the 
unequal contraction caused by the process of hardening, 
which induces so strong a tension between the particles that 
the exertion of a very slight external force is sufficient to 
overcome their cohesion. 

25. The Modulus of Elasticity : Different Statements of its Value. 

With regard to the value of the modulus of elasticity, or 
the measure of the elastic force, in iron and steel, and in 
different varieties of these materials, the results obtained by 
different authors exhibit considerable discrepancy. Thus 
accoi^ding to Kedtenbacher,' the modulus of elasticity ex- 
pressed in English lbs. and referred to the English square 
inch as the unit, varies for iron between 21,272,200 and 
35,545,160, and for steel between 28,477,300 and 34,104,140. 



Ö « Experiments on Wrought-irc» and Steel/ by David Kirkaldy, Glasgow, 
1862, p. 93. 
7 »Der Maschinenbati,' 1 Th., p. 4. 
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Eeuleaux,® however, gives its value for iron, in the form of 
bars or wire, at about 28,477,300, for thin sheelriron 34,154,240, 
and for cast-steel 42,681,640, but for other kinds of steel only 
28,477,300. The results of experiments on tension by 
Lagerhjelm, Wertheim, and Hodgkinson do not, however, 
show such wide differences. 

Eecently the modulus of elasticity for certain kinds of iron 
and steel has been determined by Kupffer,* not, however, by 
means of traction, but partly by flexion and partly by trans- 
verse vibrations. According to his experiments, the modulus 
of elasticity has the following values expressed in lbs. per 
square inch for the different kinds of iron and steel mentioned 
below : — 



Modulus 
of elasticity. 



Iron plate, in the direction of the rolling 

Ditto, at right angles to the direction in which) 
the rolling has been performed .... I 

Boiled English band iron 

Forged English bar iron 

Forged Swedish bar iron 

Soft cast-steel 

Steel from Bemscheid (adapted for files) . . 




:t5, 066,886 

37»335.278 

38.463.576 
38.779,238 
30,357,488 
30,343,764 
30,101,624 



Kupffer also found that if the hardening by heat be avoided 
in hard steel, the modulus, when the steel is very hard, may 
be increased by nearly 6*5%. In most manuals of practical 
mechanics, such as Morin's, it is, on the contrary, stated that 
the modulus of elasticity in cast-steel is nearly 50% greater 
after hardening than before ; and hence it would be supposed 
that hardening raises the modulus of elasticity. 

Coulomb, Tredgold, and Lagerhjelm maintain, on the other 
hand, from their experiments, that the hardening has no in- 
fluence on the value of the modulus of elasticity. 



' * Der Constmcteur,.' p. 4^ 

' *Recherches Exp^imentales sur Télasticité des Métanx, &c./ par A. J. 
Kupflfer. St. Pétersbourg, 1860. 
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To settle these conflicting statements would be of great 
practical importance in certain cases, as, for example, with 
reference to cast-steel in which the modulus of elasticity is, 
according to several authors, nearly 50% higher than in other 
kinds of steel and iron; so that cast-steel articles would 
spring only § as much as similar articles of the same dimen- 
sions manufactured of the other materials. Induced by such 
considerations, the author determined, both by traction and 
by flexion, the value of the modulus of elasticity for those 
kinds of iron and steel of which he had suitable samples. 

26. Formula for Calculating the Modulus of Elasticity. 

The formula for determining the modulus of elasticity by 
traction is easily obtained as follows : — Let L and L' denote 
the lengths of a bar when stretched by the forces P and F, 
these forces being so chosen that they occasion no perceptible 
permanent elongation ; let I represent its length when these 
forces have ceased to operate, a the sectional area of the bar, 
and E the modulus of elasticity of the material ; then, 

whence L' — L = — ^ /, 

and therefore E = Tr " t • — • 
1j — jLi a 

The last formula for the determination of the modulus of elas- 
ticity is that most used, since the bar when stretched is always 
somewhat bent, and therefore L' — L can be measured more 
accurately than either L — Z or L' — Z. To determine the length 
L'— L, as near as 1% or 2% is, however, by no means an easy 
task, at least for soft iron, whose limit of elasticity has been 
raised by stretching or other mechanical treatment. For in a 
5-feet bar of such iron, L'— L cannot be greater than about 
0*023 inch, or at most three of our divisions of the scale. In 
this case a slight curvature in the bar of 0*012 inch may 
occasion an apparent difference in the elongation of more than 
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2%. Moreover, as previously stated, errors may arise in the 
reading to the extent of about 0*05 scale-division, and would 
thus introduce an error of more than 1*5%. Smaller errors 
may also arise from changes of temperature. In determining 
the modulus of elasticity, the author has therefore always en- 
closed the sample-bar in an apparatus which is represented 
in PI. Vll., figs. 1 to 4, and which will be subsequently de- 
scribed in detail. In this way, the bar under test has been 
surrounded by water, and therefore maintained at a nearly 
constant temperature, or at least any changes of temperature 
that might occur have been accurately determined. More- 
over, it has been easy to ascertain by means of the index 
attached to the apparatus, that the bar has been so adjusted 
that the tensile strain may operate as nearly as possible cen- 
trally without flexure, and to measure any small variations in 
the curvature of the bar which may be produced by different 
strains. 



27. Description of Ajpparatua in which the Sample-hars are inserted 
for Determination of the Modidus of Elasticity, 

The apparatus referred to consists principally of a brass 
tube A, figs. 1 and 2, PL VII., through the middle of which 
the bar is inserted, and retained in position by two small brass 
fastenings a, a, which again are received by two short tubes 5, h. 
These are clasped so tightly that no perceptible play is allowed; 
and in order that the bar may elongate and contract with the 
least possible friction, it is polished. Over the tubes I, I and 
the bar are placed some very narrow caoutchouc rings, and 
both these and the tubes &, I are bound by india-rubber tub- 
ing : this arrangement prevents the flow of water from the 
apparatus, whilst it does not impede the movement of the bar. 
When a sample-bar has been properly adjusted, a weight of 
from 2 to 5 lbs. has been sufl5cient to overcome the friction at 
both ends ; and since it is sufficient that the bar during ten- 
sion should move in one of the collars a, a, the resistance 
which is opposed to the elongation or contraction of the bar 
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cannot amount to more than one-haK the force just mentioned ; 
an amount too small to be taken into account. The two scales 
are firmly attached in the usual manner outside the caout- 
chouc tubes. The apparatus, intended to show variations in 
curvature, is represented in figs. 3 and 4, PI, VII. It con- 
sists of two small steel bars tZ, tZ, the direction of which coin- 
cides with that of the axes of the tubes e, e, which are placed 
at right angles to each other, but inclined to the horizon at 
an angle of 45^ The upper pointed ends of tZ, å touch the 
indexes/,/. The bars d, d rest loosely on a well-filed brass 
plate, bent at a right angle and soldered on to the middle of 
the sample-bars, the sides of which plate have an inclination 
of 45° to the horizon, and are thus rectangular to the bars 
above-mentioned. The bars d, å may rest on the sample-bar 
itself, if this, having been originally round, has been filed 
square in the middle, for the purpose of investigating the 
position of the limit of elasticity at different temperatures. 
In the latter case, the bar must be so placed that the surfaces 
of the square portion are perpendicular to the bars d!, d!, as 
shown in fig. 4. Each of the needles //is moveable about 
a horizontal axis at ^, and by means of a small spiral spring 
is forced to touch with its shorter and flattened arm the upper 
end of the steel bars tZ, ä. These bars must therefore follow 
the transverse movements of the middle of the sample-bar in 
relation to the axis in the bearings a, a ; and by means of the 
indicators F, F these movements may be accurately observed. 
The graduated arcs Ä, Ä are attached to the bars i, i, and may 
be raised or lowered by the set screws A, Ä ; so that at the 
commencement of an experiment, or whenever it is considered 
necessary, each hand may be brought to the zero of the arc. 
The graduation of this arc is such that it indicates directly 
the amount of elevation or depression in the bars tZ, d, each 
division of the scale measuring about 0*5 line in length, and 
corresponding to a movement of 0*1 line in the bars. That the 
bars d!, å may move freely up and down, they are secured not 
by packing, but by having thin caoutchouc tubing bound over 
both them and the ends of the tubes e, e. 
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28. Garrediiofa of (he Elastic Elongations as Measured, 

The amount of error which may arise from a small curva- 
ture in the bar can be estimated with sufficient accuracy in 
the following manner : — 

It has been previously stated that, from the conditions 
under which these experiments were made, we may obtain 
the true length of the part between the fixed points of the 
scales, originally 5 feet long, in a slightly bent bar 0*46 inch 
thick, if we add to the measured length a quantity = 0*0576 h 
sin a + 0004 h^ In this expression, Ä, as before, denotes the 
elevation or depression of the curvature of that part of the 
axis of the bar which lies between the two end markings, 
and a denotes the angle which the plane of the axis makes 
with the horizon. 

By means of the apparatus last described we can now 
determine the manner in which the position of the axis in 
the middle of the bar varies in relation to two rectangular 
axes lying in a plane passing perpendicularly through the 
middle line of the bar; the axes being each inclined to 
the horizon at an angle of 45°, and cutting each other in the 
straight line which joins the middle line to the small brass 
fastenings, a, a, or, in other words, to the axis of the sample 
bars when perfectly straight. In fig. 4, PL 11., which repre- 
sents the plane of these axes, the axes are represented by X 
and Y. B is the centre of the axis of the bar; A is the pro- 
jection of the points in the curved axis, which, when the bar 
is straight, lie vertically under the zero or fixed point of the 
scales; and is the projection of the centre of the brass 
fastenings a, a. When the bar, as before stated, is curved in 
the arc of a circle corresponding to a very small angle, and 
the original distance between the zero points of the scales is 
500 lines, and these points lie about 10 lines outside the 
middle of the short supplementary tubes 6, I surrounding 
a, a; then A B or the height of the curve of the axis (h) is 

approximately = BO (^j = 1*085 BO. If Xq and y^ 
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denote the co-ordinates of the point B, referred to the axes 
X and Y, then because 

BO . sin a = BC = DE + BF = ^2^*, 

therefore we have A sin a = -j=- {x^ -f y^. 

Further, If = (1-085)» . BO" = 1-177 (a^ + j/J). 

If now these values be substituted in the expression previ- 
ously obtained for the diflference between the actual and the 
measured lengths, and the former be denoted by L and the 
latter by Zo, we obtain 

L-Zo = '— ''^^— ^o^o + y^^ 

and L = Zo + 0-0442 (»o + yo) + 0-0047 (a? + j/J). 

In a new measurement under other conditions, when con- 
sequently the curvature of the bar is different, let L' denote 
the actual length of the bar, and \ its measured length, and 
let »1 and y^ denote the new co-ordinates of the middle of 
the axis ; then in a similar manner we obtain 

U = Zi + 0-0442 (flji + yi) -f- 0-0047 (a?? + yf). 

For the determination of the modulus of elasticity it is only 
necessary to know the difference between the actual lengths 
in the two cases, and this may be obtained thus : 

L' - L = Zi - ?;, + 0-0442 (flji + y, - ajo - yo) 

+ 0-0047 {A-^fi- A- y5). 

As the graduated arc must generally be so placed at the 
beginning that the hands/, / stand nearly at zero although 
the baj is not perfectly straight, it follows that the index 
cannot show the absolute value of the co-ordinates, but only 
their difference, or a?, — aJo, y 1 — yo, &c. If during the measure- 
ment the bar be extended by a moderate and suitable force, 
the co-ordinates should always be very small (in our experi- 
ments they rarely amounted to more than 0-3 line), and there- 
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fore the second term containing the difference between the 
squares of the co-ordinates may be neglected ; whence^® 

L' - L = Zi - 4 + 0-0442 (fljj + y, - »0 - y^. 

When the temperature varies during the two measurements, 
this also must be corrected. If the temperatures at measure- 
ment of \ and Zo be denoted by t^ and t^ and the coefficient of 
expansion by 8, we obtain, with regard both to variations in 
curvature and to changes in temperature, the corrected diffe- 
rences between the actual lengths of the bar in the two cases, 
thus: 

L' - L = Zi - Zo + 0-0442 {x, + y^ - «, - y,) 

- 500 h (t, - to). 

In employing this formula, which gives L' — L expressed in 
lines, we must also express in lines the values of /,, Zq, x^, y^, 
Xq, and j/q. But as in our measurements l^ and Zq were ob- 
tained in divisions of the scale, and it was also found conve- 
nient to take the indications of the hands/, /in tenths of a 
line, the formula last given was altered to feu^ilitate calcula- 
tion, as follows : — 

t.'-L = Z,-^, + 0-064 (x, + y,^Xo- y,) 

- 7248 i (t, - <o), 

which gives L' — L in divisions of the scale, when for Z, — Z^ we 
substitute the differences between the measured lengths in 
those scale-divisions, and for x^ y^ Xq, y^y the indications of 
the hands/,/ expressed in degrees of the arcs Ä, Ä, that is, 
in tenths of a line. It should also be noticed that in this 
formula »i, yi, aJq, y^ must be taken positive when they are 
above zero, and negative when below. If, at the ordinary 
temperature, the coefficient of expansion S for iron is 



10 In developing this formula it has been supposed that the bars are curved 
in an arc of a circle, but this supposition cannot generally be held for those 
bars given in Table VIII., and filed in the middle. The formula has, however, 
been appHed to these, but the greatest attention has been paid to their 
insertion in the press, so that the changes in curvature become as small as 
possible. 
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0-0000118 and for steel 000001079, the formula becomes for 
iron : 

L' - L =. Zi - ?o + 0-064 (x, + y^ - aj, - y,) 

- 0-085 (t, - 4), 
and for steel : 

L' - L = ?i - Zo + 0-064 (aji + y, - aj, ~ y,) 

- 0-078 (<i - <o). 

29. Meamring the Sectional Area, 

Next to the error which may arise from an incorrect deter- 
mination of the valne of the elastic elongation, it is neces- 
sary to guard against those errors which may be committed 
in measuring the sectional area ; for in the determination of 
tensile strains and the length of the bars, the errors ought 
not to amount to more than a small fraction of 1%. The 
author has therefore used for these experiments the same 
bars which were employed in determining in what proportion 
the position of the limit of elasticity is dependent on tempe- 
rature ; each of these bars having been filed square with great 
accuracy for a length of about 4-5 feet in the middle. Some 
bars were also used which, having been carefully filed square, 
were subsequently employed in experiments on flexion. The 
modulus of elasticity has also been determined in certain 
round bars which have been filed only enough to remove 
the superficial scale formed by heating, and to level the 
principal irregularities of surface. It was found that the 
separate measurements of the area of such bars never differed 
from one another more than 1% ; and the area of these bars 
did not always admit of being so accurately measured as that 
of the square bars. It will presently be shown that the 
modulus of elasticity in one and the same bar may vary 
several units per cent., according to the difference in the 
mechanical treatment to which the bar has been previously 
submitted. The area has always been measured at every 
half-foot by means of the micrometer-screw previously de- 
scribed, and the necessary corrections have been made for 
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differences in the threads at different positions of the screw. 
The same screws have also been used for controlling the 
dimensions in filing the sample bars. 

30. Frd)dble Error in Values obtained for the Modulus of Elasticity. 

In spite of the author's endeavours to attain the highest 
degree of accuracy in these experiments, it is nevertheless 
possible that the values obtained for the modulus of elasticity 
may be incorrect, at least for soft iron, to the extent of a 
small percentage. But as the results given are the mean 
values calculated after at least 3, and sometimes even after 
10 series of experiments, and as at least two microscopic ob- 
servations and readings have been made at each measurement 
of length, it follows that the probable errors are very small ; 
and in all cases the errors which have affected our observa- 
tions are for practical purposes of no importance whatever.^ 



^ As Wertheim used in his experiments, wire which according to his state- 
ment had a diameter of only from 0*1 to 0*5 Ime, he was but little exposed to 
error in respect of its curvature ; but, on the other hand, he was unable to 
accurately measure its sectional area, except by calculating the mean area 
from the specific gravity. As the wires were only about 2'5 feet long between 
the points where the elastic elongations were measured, and as these measure- 
ments were obtained by means of a cathetometer, the values of the modulus 
of elasticity calculated by him from his experiments on traction, not unfre- 
quently varied for the same iron and steel wire to the extent of 10 per cent, 
and upwards. 

The modulus of elasticity may certainly be more accurately obtained by 
iiexion than by traction, as the amount of deflection may be considerably 
greater, and therefore more accurately measured, than the elastic elongation 
by tension. But supposing that the value of the modulus of elasticity thus ob- 
tained is an exact measure of the elastic force on stretching, it is assumed that 
this force is equal to the elastic force on compression, whilst according to 
Hodgkinson the latter for iron is about f of the former ; and also that by 
different strains in different directions, and by the change of form in the sec- 
tional area which occurs on flexure, other forces are developed or the conditions 
are otherwise so changed that the calculations on the common formula become^ 
as some authors affirm, uncertain. Wertheim in one case obtained the mo- 
dulus of elasticity for steel wire more than 20% higher by means of transverse 
vibration than by traction. Kupffer's determinations of the modulus of elas- 
ticity by flexion and transverse vibrations agree very well among themselves ; 
but, although the amount of deflection was determined in his experiments 
with great accuracy by affixing mirrors to the ends of the sample-bars and 
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31. "Examine of Determini'ng the Modulus of Elasticity. 

In order to show more exactly the precise method by 
which the experiments have been conducted, and also to 
show the degree of accordance obtained between different 
observations, the results are here given at length for the 
bars Nos. 2 and 10, Tab. IX. 

On each bar eleven fine marks were drawn at distances of 
0'5 foot apart, and then by means of the screw-measure the 
dimensions of each section at these marks were taken in two 
directions perpendicular to each other. These measurements 
gave the following results, expressed in turns of the screw : — 





Bar No. 2. 


Bar No. 10. 






Rectangular Section. 


Circular Section. 






One Side. 


Second Side. 


One Diameter. 


Second Diameter. 






8-o6 


8-24 


I2"96 


12-65 






8*04 


8-23 


12*90 


12-60 






8-07 


8-22 


12 '94 


12-61 






8 -08 


8-23 


12-94 


12*69 






8-07 


8-22 


I2'97 


l2'6o 






8 '09 


8-22 


12-94 


12-63 






8-07 


8-22 


I2-80 


l2-6o 






8-o8 


8-23 


I2'98 


12-62 






8-o6 


8-22 


12-95 


12-65 






8-o8 


8-22 


12*85 


12-66 






8'o6 


8-22 


12*85 


i2-6o 






Mean=8-o6o 


8-2245 


12-916 


12-628 





measuring fhe inclination which these mirrors assumed in different positions 
of the bars, yet his results may be affected by errors amounting at least to 
1^ per cent, as his bars had a thickness of only 0*8 to 1-7 Hne. The third 
power of this thickness enters into the formula for calculating the modulus of 
elasticity by flexion, and therefore an error in measurement of 0*00058 inch, 
which for Uie thinner bars is more than ^ per cent, of their thickness, causes 
an error of upwards of 1^ per cent, in the modulus. That an error of mea- 
surement of this magnitude has been committed, may be seen by comparing 
the thickness measured with that calculated from the specific gravity. 
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To reduce these measurements to lines, it is necessary to 
obtain by a separate determination the value which must be 
used in each case, and as this value is 0*33652 for bar No. 2, 
and 0-33719 for No. 10, the sectional area of the former 
becomes = 7*515 square lines, and that of the latter, which 
may be supposed to be elliptic, = 14*565. 

By two new measurements in other directions of the bar 
last referred to, the diameters at right angles to each other 
exhibited less difference ; and as the area obtained from the 
one = 14*529, and that from the other = 14*434, it is assumed 
that the mean area of this bar = 14*509. 

The bars were stretched several times successively : No. 2 
first with a weight of 50 lbs. in the scale-pan of the bent lever, 
and afterwards with the lever alone, when this was coun- 
terbalanced by a weight of 50 lbs. suspended above ; whilst 
No. 10 was stretched first with a weight of 60 lbs. in the scale on 
the lever, and afterwards with the lever alone. The results 
obtained are shown in Tables, pp. 64, 65. 

As the bar No. 2 was about 2*7 lines thick, and as the 
planes of the scales were situated only 2*88 lines above 
the axis of the bar, the formula for correction of differences 
between the measured elongations consequently becomes : 

L' - L = Zi - ?o + 0-051 (aji + yi - ojo - y^ 

- 0*078 (<i - Q. 

In No. 10, however, the planes of the scales were situated, 
as was usually the case in these experiments, about 3*6 lines 
• above the axis, and therefore for this bar the formula for cor- 
rection is the one previously given, viz. : — 

L' - L = Zi - ?o + 0-064 (x, + yj - ojo - yo) 

- 0*085 (^1 + ^o)- 

In the determination of the difference between the mean 
temperatures of a bar, <i — <o> at two successive stretchings, we 
have always, for obvious reasons, given the indications of the 
middle thermometer twice the value of the two others. 
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If now the formula for correction be applied, for example, 
to the differences measured between the elongations in the 
bar No. 2 at two stretchings, as given in the previous table, 
we obtain : 

\^\^ 7-002; a5i + yi - oJo - yo = 0-1 + 0-1 - 1-2 - 1-2 

= - 2-2 ; and i-i,^ ^^^^^ = - 0-05; 

and if these values be inserted in the formula it becomes 

L' - L = 7-002 - 0-051 x 2-2 + 0-078 x 0-05 = 6-8937. 

When the value of L'-L thus obtained is insert^ed in the 
formula for the modulus of elasticity, we obtain for the steel 
bar No. 2, 

-r, 155-97 X 20-084 x 500 yfoofiOA 

^ = 6-8887 X 0-06898 x 7-515 = ^^^f"^^^ 

or, in round numbers, = 439,000, or 30,124,180 lbs. per square 
inch. And in like manner for the iron bar No. 10, 

E = 466,000, or 31,976,920 lbs. per square inch. 

In calculating the modulus of elasticity for the bars Nos. 3, 
8, 9, 14, 16, and 17, in Table IX., which bars have been filed 
in the middle, the formula becomes altered thus : 



E 






where P, F, L, and L', have the same signification as before, 
but I denotes the length and a the mean area of the middle 
filed portion ; and 7 and T the lengths, and a' and a" the mean 
areas of the short parts which were not filed. 

32. Causes which Affect the Modulus of JElasticUy. 

In these investigations great attention must be paid to the 
diminution which the modulus of elasticity may suffer when 
the material has obtained a permanent set. 

Although the modulus of elasticity generally decreases 
with the specific gravity, and the specific gravity is usually 
diminished by stretching the material, yet the decrease of 
the modulus referred to above, which in some of the experi- 
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ments amounted to 10%, cannot be satisfactorily explained by 
a diminution of specific gravity alone ; for the modulus was 
usually greatest in steel, the density of which, as seen in Table 
VII., diminishes but very little on stretching. Moreover, the 
diminution of the modulus is, to a certain extent, only tem- 
porary. If the modulus of elasticity be determined in a bar 
immediately after it has obtained a permanent elongation 
amounting for instance to about 0*5%, and the bar be then 
set aside for several days, it will be found on renewing the 
experiment that the bar has regained a portion of the elasti- 
city which it had lost by stretching ; and the recovery of this 
elasticity is always greatly accelerated by heat. Among the 
numerous experiments in which we have had opportunity of 
observing this behaviour, it will be sufficient to cite those 
made with bar No. 3, Table IX., when this had been exposed 
to a moderate red heat, and its middle portion afterwards filed 
level. Its dimensions were then as follow (using the letters 
given in the formula for E), viz., I = 4684 lines, T = 17*6 lines, 
r= 14*0 lines, a = 7*609 square lines, a'= 10*746 square lines, 
and a"= 12494 square lines. When the bar at 60° F. was 
successively stretched by 170 lbs. on the scale of the lever, 
and then by the lever alone, the corrected differences between 
the elastic elongations, or L' — L, became 

Scale Parts. Mean. 

= 9'I95) 

9-238| 9-215 
9-2I3J 

After a permanent elongation at the filed part of 
0*72%, at the same temperature and with the 

same loads, L'-L =io'267j 

10*240 t 10*256 
10*260) 

And after the bar had been heated for about an 
hour in a bath of parafflne, at 266° Fahr., and 
was slowly cooled to 66° Fahr., L'-L =9» 427 J 

9'4i5[ 9*4" 
9*390) 

As the elastic force in the round parts of the bars should 
have been the same in all the experiments, since those parts 

J2 
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did not receive any permanent elongation, and as many ex- 
periments have shown that an elevation of temperature to 
from 266° to 302° Fahr. does not sensibly afiTectthe modulus 
in a material which has not been stretched, it was found that 
the differences between the elastic elongations in the square 
part of the bars was, on the average, as follows : — 

Before stretching 8*8198 scale-parts, 

After do. 9-8608 ,, 

After heating 9*0158 ,, 

If from these data we now calculate the value of the modulus 
of elasticity in this part of the bar under the conditions before 
mentioned, and assume that the permanent elongation of 
3*44 lines obtained prior to the second series of experiments, 

diminishes the area to ^^,707 X 7*609 (an assumption the 

more probable with regard to steel, since its specific gravity, 
as just stated, is very little affected by stretching), then the 
modulus becomes : 

Before stretching 34,104,140 lbs. per sq. inch, 

After do 28,600,816 ,, 

After heating 31,276,996 ,, 

The elastic force of the material has thus been diminished 
by stretching 9*24% ; but of this amount 8-53% has been re- 
gained by heating. When the bar was further heated for 
about an hour in a paraffine bath at 269^ Fahr., and was again 
tested, the modulus was found to be the same as it was before 
this last elevation of temperature. 

At the commencement of these researches we had no reason 
to presume that the elastic force would suffer any measurable 
change by an insignificant permanent elongation; and still 
less that when a bar had been stretched the modulus of elas- 
ticity would not remain unchanged when the bar was left at 
rest. The bars, therefore, previously to being stretched for 
determining the modulus of elasticity, received a slight per- 
manent elongation in order to straighten slight curves, and 
to enable greater loads to be used in the determination of the 
modulus, and consequently to obtain greater elastic elongations 
which could be more easily measured. Since we have observed 
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the influence which slight stretching exerts on the value of 
the modnlusy we have never stretched a bar with a greater 
load than that which was to be afterwards used for the deter- 
mination of the modulus. It was not, however, always possible 
to avoid small, measurable elongations, and as it would appear 
that these are not without influence on the value of the 
modulus, they are noticed in Table IX. 

The loss of elasticity caused by stretching may, as already 
stated, be restored to a great extent by moderate heating, and 
indeed if the heat be raised to redness, the modulus may 
become as great as it was before stretching, and even greater.' 
This is seen by the bars Nos. 2, 3, 4, 7, 13, 16, and 18, in Table 
IX., which bars have all been used for other experiments 
before heating, and have been stretched to a greater or less 
extent beyond their limit of elasticity. From this, it may 
be concluded that not only stretching, but also forging, rolling, 
or any other violent mechanical treatment, if not performed 
at too high a temperature, diminishes the modulus of elasti- 
city in steel and iron. 

From the table last refeiTed to, it may also be observed that 
the modulus of elasticity generally increases with the specific 
gravity — a relation already pointed out by Lagerhjelm ; that it 
is not very diflerent for different kinds of steel, or for steel and 
iron with' the same specific gravity ; and that it is not spe- 
cially influenced by the amount of carbon ; but that the 
value of the modulus is in no small degree dependent on the 
proportion of phosphorus present. The lowest modulus of 
elasticity has been found in the iron from Aryd, which is rich 
in phosphorus, although its specific gravity is about equally 
high with that of the better kinds of puddled iron which were 
examined. 

With regard to the influence of hardening on the modulus 
of elasticity on tension, we have not been able to undertake 



' Both Coulomb and Tredgold deny that a red heat has any inflnence on 
the value of the modulus, and base this denial upon some of their own experi- 
ments on flexion ; but their measurements of the deflection appear to have been 
not sufficiently delicate to detect so slight a difierence as is here alluded to. 
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any inyestigations, for among the kinds of steel at onr dis- 
posal we have not succeeded in hardening any bar of the re- 
quisite length without its becoming too much bent to be em- 
ployed in these experiments. We have therefore been obliged 
to confine ourselves to the examination of the effect of har- 
dening on the elastic force at flexion, — a point of even greater 
importance in a practical aspect ; and to this subject we shall 
therefore return in describing the experiments on flexion. 



33. Bésumé of the Besults. 

After this account of our experiments on tension performed 
at the ordinary temperature, it seems desirable to give a brief 
summary of the results at which we have arrived. These 
results, which in part simply confirm those of other observers, 
are as foUow : — 

1. The limit of elasticity, in the sense in which that expres- 

sion is generally understood, or as it is defined by Wer- 
theim and other observers, cannot serve as a guide to 
the determination of the different elastic qualities of 
metals, inasmuch as it does not 6ulmit of being deter- 
mined with the requisite degree of accuracy. On the 
contrary, an easily-determined measure of the limit at 
which any permanent elongation of practical value 
first-occurs in iron and steel, may be obtained if* the 
limit of elasticity be defined, as in our new definition 
at p. 30. 

2. The amount of permanent elongation produced by 

stretching iron and steel is dependent not only on the 
chemical constitution of the material, the manipulation 
to which it has been subjected, and the regularity of 
its section, but dso on the method by which the trac- 
tion is effected. These elongations generally increase 
more rapidly than the excess of the loads above those 
at the limit of elasticity ; but it may be assumed that 
they are approximately proportional to this excess. 
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3. The limit of elasticity, the absolute strength, and the 

extensibility, are to a great extent dependent, in both 
iron and steel, on the mechanical treatment to which 
the material has been submitted, and on the tempera- 
ture to which it has been exposed, either during work- 
ing or subsequently. By cold-hammering, cold-roll- 
ing, and other forms of mechanical treatment applied 
at a low temperature, both the limit of elasticity and 
the absolute strength are increased; whilst by the 
same treatment the extensibility is diminished. In 
these respects heating produces an opposite effect. 

4. When the proportion of carbon in iron or steel is in- 

creased whilst other conditions remain the same, the 
limit of elasticity, as well as the absolute strength, is 
to a certain extent increased ; but the extensibility, on 
the contrary, is diminished. The absolute strength, 
which in good soft iron may be estimated in round 
numbers at 48,034 lbs. or 21*44 tons per square inch, 
seems to attain its maximum in steel containing about 
1*2 per cent, of carbon, and is then in good cast-steel 
or Bessemer steel about 137,240 lbs. or 61-26 tons per 
square inch. 

5. A small proportion of phosphorus in iron generally raises 

the limit of elasticity and the absolute strength, and 
therefore also the hardness of the metal, but at the 
same time it diminishes its extensibility; provided 
that the iron during its manufacture has been so much 
drawn out that on slow rupture it exhibits a fibrous 
fracture. 
By admixture, however, of slag (which always makes the 
iron unsound and difficult to be re-formed when heated, 
but which facilitates the development of a fibrous 
structure) an iron containing about 0*25% of phos- 
phorus seems capable of acquiring nearly the same 
extensibility as an iron which contains only traces 
of phosphorus. The presence of slag also seems to 
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oppose the tendency of the iron to become, when 
strongly heated, crystalline, and therefore cold-short. 

6. By heating and sudden cooling (hardening), the limit 

of elasticity is raised whilst the extensibility is dimi- 
nishedy not only in steel but also in iron. The abso- 
lute strength likewise is increased by hardening, if 
this be performed in a manner adapted to the quality 
of the material. Hardening in water without subse- 
quent moderate heating (tempering) generally dimi- 
nishes the strength of hard steel to a very considerable 
extent, whilst hardening in oil does not occasion this 
inconvenience, provided that the heat previous to 
hardening has not been too high. 

7. The elastic force which iron and steel develop on stretch- 

ing is not always equally powerful in the same mate- 
rial, but is dependent on the manner in which the 
metal has been previously treated. Thus, by such 
mechanical operations as stretching, hammering, &c., 
the elasticity may be diminished ; whilst by a mode- 
rate heat, or still better by a glowing heat^ it may be 
increased. Moreover, it does not vary to any great 
extent for difiFerent kinds of steel, or for steel and good 
iron ; but it generally decreases with the specific gra- 
vity. The measure of this force, or the modulus of 
elasticity, may be estimated in round numbers at 
30,879,000 lbs. per square inch for rolled or forged bars 
having a specific gravity of about 7*80, and containing 
only a trace of phosphorus ; but for iroh bars in which 
the material is very cold-short or contains a consider- 
able proportion of slag, it is only about 27,458,000 lbs. 
per square inch. On the contrary, in Bessemer iron 
with a specific gravity of 7*88, the modulus of elas- 
ticity may rise to about 34,310,000 lbs. per square 
inch. 
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CHAPTER IL 

Apflioation of the Bbsults to the dbtebmination of the 
Belatiyb Values of Ibon Ain> Steel, and different kinds 
thebeof, fob different fubposes. 

1. Preference of steel to izon for such purposes as require a combination of 
strength and lightness. — 2. And for such as require strength and hard- 
ness to resist wear. — 3. Importance of extensibility in materials employed 
for machinery and buildings. — 4. Belatiye capacity of steel and iron to 
endure sudden shocks. — 5. Best material for articles occasionally subject 
to severe shocks. — 6. Choice of material for articles commonly sulject 
to slight shocks or vibrations. — 7. Most suitable degree of hardness for 
steel to be used for tyres, axles, &o. — 8. Employment of iron which has 
become stiff by mechanical treatment. — 9. And of iron containing phos- 
phorus. — 10. And of iron containing slag. — 11. Advantages of a pure 
iron for general forgings. 

1. Preference of Sted to Iron for such purposes as require a combina- 
tion of Strength and Lightness, 

In consequence of the considerably greater strength of steel, 
and of the much higher position of its limit of elasticity, the 
dimensions of articles manufactured of this material, may be 
smaller than when iron is employed ; and, therefore, the use 
of steel offers considerable advantage over iron for such 
objects as require to be made as light aa possible, such as 
the motion-parts of machinery, vessels, all rolling-stock, &c. 
The application of steel to these purposes is daily becoming 
more general ; and in England, especially in the great ship- 
yards of Liverpool, there are now being built on a large 
scale both steam and sailing vessels constructed either 
entirely or for the most part of steel. It is said that 
such a vessel is so much lighter than one of iron of the 
same size and strength, that it can carry 25% greater cargo ; 
and that it has the further advantage of drawing less water, 
and, therefore, of being able to enter ports and passes 
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which would be inaccessible to an iron vessel with the same 
cargo. For bridges with a large span, lightness is of the 
highest importance, as a much greater part of the strength of 
the material is required to support the weight of the bridge 
itself than to bear the additiouÉd weight of the greatest load 
that may pass over it. In Holland a bridge has lately been 
constructed of so expensive a material as cast-steel ; and in 
Sweden a bridge of puddled steel from Surcdiammar was 
built in 1865 over the river Gotha on the railway between 
Wenersborg and Herrljunga. As, however, the modulus of 
elasticity is nearly the same for steel as for good iron, it 
follows that a steel bridge, in consequence of the smaller 
dimensions of its several parts, must spring more than an 
iron bridge of the same construction and same strength ; and 
if this vibration is to be avoided, the construction must ne- 
cessarily be altered. 

2. Freference of Steel to Iron for such purposes as require Strength 
and Hardness to resist Wear, 

Steel — and especially cast-steel, which unites with hard- 
ness and strength a high degree of homogeneity — should be 
preferred to iron for all purposes which require not only 
strength but power of resistance to wear, such as rails, axles 
and tyres for railway-carriages, piston-rods, and other parts 
of machinery. The value of steel for such purposes has long 
been recognized, and the only great obstacle to its extensive 
employment hitherto has been the high price of cast-steel. 
This obstacle has, however, been to a great extent removed 
by the discovery of the Bessemer process, and by the im- 
provements which within the last few years have been intro- 
duced into the manufacture. Already Bessemer steel has 
been largely employed for rails laid down at railway stations 
and points, or on sharp curves and strong gradients, and 
in general for rails in any situation where they are exposed 
to more than ordinary wear. According to experiments 
made in England at the Chalk Farm Station, Camden Town, 
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where the traffic is bo great that oommon English iron raQs 
had sometimes to be renewed after a few weeks' wear, it 
appeared that rails of Bessemer steel could stand nearly 
twenty times the wear of ordinary rails, although the manu- 
facturer did not guarantee them to be more than six times as 
durable. K the amount of wear for ordinary rails can be esti- 
mated from the traffic and the speed, it is easy to determine 
exactly when Bessemer rails can be employed consistently 
with economy, although their original cost is more than 
double that of the others/ Bails having only the upper 



< This was no doubt the case at the time the author wrote ; but the price of 
Bessemer steel rails has since been continually lowered until it is now 
(KoY. 1868) hardly more than 50% above that of iron rails. Indeed, the cost 
of making rails by the Bessemer process is no greater than by puddUng, but 
the former requires a purer raw material or pig-iron to start with; and as 
this will probably not inyolve an increase in price of more than 25% on the 
rails, it may be easily seen that great economy would result from the more 
general use of steel rails. This question was brought before the Institution 
of Civil Engineers and careftdly discussed in March, 1868. 

At the same time the question of steel-headed rails was also discassed, but 
the general opinion amongst Railway engineers was decidedly against them. 
The translator having superintended at the Dowlais Works the execution of 
an order for this kind of rails for the Swedish Government railways, suggested 
some alteration in the mode of manufacture. Arrangements were made with 
the South Eastern Railway Ck^mpany to have some of the rails that had been 
made on this principle, tried on their line. The result is shown in the following 
letter, dated March, 1868 ; to which it may be added, that even now (Nov.), the 
rails remain in excellent condition, not one of them having given way through 
the top coming off. These rails, indeed, show hardly any abrasion after 9 
months' wear with about 150 trains passing over them every 24 hours. — 2Van«- 
laUyr. 

(Copy.) South Eastern Railway, Engineer's Office, 

5, St Thomas's Street, London, S Jl March 31, 1868. 

Steel-topped rails. 

Deab Sib, — ^The 6 rails you were so good as to send me have been laid on 
the road at London Bridge, in the most trying situation. 

I am pleased to be able to inform you that they are standing, and look 
remarkably well. 

This Company had previously tried some so-called steel-topped rails from 
another firm, which were a complete failure in a month's trial. 

I was not at all astonished to hear the general condemnation of steel-topped 
rails at the Institution; but it is right to say that, after the test yours have 
already gone through, there are yet hopes of permanent success in that de- 
scription of rail. Yours truly, 

(Signed) Peter Ashcboft. 

0. P. Sandberg, Esq. 
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part (the head) of Bessemer steel, the rest being of iron, are 
at present manufactured on a large scale. Such rails are of 
course much cheaper, but are difficult of manufacture, and 
would not probably bear equal wear with rails consisting 
entirely of Bessemer steel. 

Bail way axles and tyres of Bessemer steel are also largely 
manufactured even in Sweden. With regard, however, to its 
suitability for such purposes, opinion is not quite so favour- 
able as it is with reference to its undoubted superiority for 
rails. This has probably arisen from manufacturers having 
at first exported goods in which the material was perhaps 
not quite free from flaws, or was too hard, so that it did 
not possess sufficient extensibility.^ 

8. ImporUiwM of ExtermbilUy in Materials employed for Construction 
of Machinery and Buildings, 

A certain degree of extensibility is indispensable, not only 
in the material of those articles previously referred to, but in 



' This was no doubt generaUy the cause of the failure and of the irregu- 
larity in the strength of the Bessemer steel when the process was first intro- 
duced ; but by degrees a more careful assortment of the steel has been esta- 
blished at nearly all Bessemer Steel Works, the hardness of the material being 
determined partly by the test of forging, and partly by Eggertz's colouration 
test. This has greatly added to the security of the manufacture ; but it has 
lately been observed, as well in England as in Styria, that silicon may play 
the part of carbon in steel by rendering it hard. This again has caused some 
difficulty in the assortment of the steel, as in such a case the two modes of exa- 
mination are discrepant ; the chemical test showing a very small amount of car- 
bon, whilst the forging test shows a hard steel. This occurs, however, only 
when the pig-iron employed contains a large proportion of silicon and but little 
carbon, as the latter element is burnt away before all the silicon is removed ; 
which shows, however, that both of these constituents are simultaneously 
carried off, and not as formerly believed the silicon first and the carbon after- 
wards. Such inconvenience may however be obviated by properly regulating 
the proportion between the silicon and carbon in the pig-iron. 

Another cause of the failures of Bessemer steel is to be found in the raw 
material for particular purposes, such as axles and tyres, not having been 
more carefully selected or of better quality than that used for rails. Plate IX. 
shows that Bessemer steel, made from good charcoal pig-iron and of the same 
hardness as cast and puddled steel possesses equal strength and extensibility. 
— Trandatar, 
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most other parts of machinery or of buildings which may be 
supposed to allow, without fracture, any slight alteration of 
form that may arise from irregularity in the construction or 
from any extraordinary strain. The importance of this 
should by no means be overlooked in those structures which 
consist of several separately-wrought pieces, such as an 
iron bridge or a boiler ; for these can never be so constructed 
that the strain is from the beginning evenly distributed 
throughout. If then the component parts are not sufficiently 
extensible, they may be broken successively long before 
reaching the strain for which the bridge or the boiler was 
calculated. In such a case the elastic elongation which the 
separate parts could assume is commonly an insufficient 
guide. 

When the parts, in order to be joined together, have become 
weakened at any point, either by some of the material having 
been removed as by riveting, or by the material having at 
any point been overheated, it must by no means be expected 
to show in all parts as great an extensibility as it exhibited 
in experiments on tensile strength. If, however, we know to 
what extent a bar or a plate has been weakened at a certain 
part by diminution of area, or by heating, and also know the 
limit of elasticity in the other parts of the material, together 
with the absolute strength and elongation on rupture, it will 
then be easy to estimate approximately, in every case, the 
elongation which the bar or plate may assume before being 
broken. If, for instance, a stay be taken, manufactured of 
soft steel with a limit of elasticity at 41,172 lbs., and the 
breaking load at 68,620 lbs. per square inch, and which, on 
fracture, has shown an elongation of 10%; and if the area, 
at any part, has been diminished 20%, or the absolute strength 
of the material haa been lowered to the same extent by over- 
heating, then that the stay must break with 0-8 of the strain 
required to break the unweakened part of the bar (that is, 
when the load at this part amounts to nearly 54,896 lbs. 
per square inch); but, since the permanent elongation, as 
previously shown, will increase almost in the same proportion 
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as the excess of the loads above those at the limit of 
elasticity, and this increase is generally greatest when ap- 
proaching fracture, the stay, therefore, when loaded with 
54,896 lbs. per square inch can elongate, at most, only half 
as much as with the load of 68,620 lbs. on the same area, or 
5% of the original length. 

K the absolute strength were diminished at any place, to 
the amount of 60% of the original strength, the stay would 
(under the same conditions and if made of the same material) 
break with a strain of 41,172 lbs. per square inch on the 
unweakened part : thus rupture would take place at the 
limit of elasticity and, consequently, before the part last 
mentioned could assume any considerable elongation. 

In like manner, if in riveting an iron plate, whose absolute 
strength is 48,034 lbs. and the limit of elasticity 30,879 lbs. 
per square inch, the riveted part becomes 40% weaker than 
the rest, it is of little avail that the plate possesses great 
extensibility, for it will break at the rivets when the strain 
on the other parts reaches 28,820 lbs. per square inch, and it 
can then only give way a little in the actual line of rivets. 
If, however, the plate were constructed of puddled steel, 
Bessemer steel, or cast-steel, having a breaking strain of 
68,620 and a limit of elasticity of 34,310 lbs. per square 
inch, and could elongate on fracture 10%, but was only 07 as 
thick as the former plate; then, on the same supposition 
with regard to the strength of the riveted portion in relation to 
the rest, the part riveted would break with the same absolute 
weight as in the previous case, corresponding to 41,172 lbs. 
per square inch on the rest of the steel plate ; but the plate 
last mentioned has elongated nearly 2%, that is, almost \ inch 
per foot. The latter structure would, therefore, be more 
worthy of reliance than the former, although it required 30% 
less material. 

As the ratio of the breaking load to the limit of elasticity 
is generally greater in roUed puddled steel and other kinds 
of soft steel than in puddled iron, the employment of such 
steel would consequently allow the structure to assume a 
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greater change of form than would be permitted if soft iron 
were employed. When, however, these materials are com- 
pared with each other in the form of homoffeneous bars, the 
steel usually shows less extensibility. 

From what has now been advanced with reference to the 
disadvantage of weakened points in machinery and building 
structures, it will readily be understood how desirable it is, 
both for economy and security, that the girders and stays 
employed in the construction of lattice-work and suspension- 
bridges should have bosses or swellings at the points where 
they are penetrated by bolts or rivets,* 

In employing steel for purposes in which the material 
must be heated for further working, especial attention should 
be paid to the diminution of strength consequent upon such 
heating. For this diminution, as proved by the experiments 
on fracture, is greater in steel than in iron ; and in different 
kinds of steel is greater according as the metal is harder, or 
richer in carbon. 

4. Belative Cajpacity of Steel and Iron to Endure Sudden Shocks. 

Some authors have asserted that steel, in consequence of 
its great strength, is indeed well adapted for any purpose in 
which it is exposed to strains that operate only gradually, 
but that it is on the contrary quite unfit for any purpose in 
which the material is exposed to sudden shocks or blows. 
In order to determine how far this assertion is true, we will 
examine the effect of a sudden shock applied to a bar in the 
direction of its length when the bar is steadily fixed at one 
end; and also when acting from above in a vertical direction 
on the middle of the bar, the free ends of which rest on two 
solid supports. 

If Pj denote the force which when gradually stretching a 
bar is sufiBcient to produce fracture, ai the elastic elongation 
of the bar, and l^ its permanent elongation at fracture, then 



' How such bars are worked is described in the JerrikontoreU Annaler, 1862, 
p. 316. 
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the mechanical force necessary to break the bar slowly, or to 
produce the elongation a^ -f- ^i ^ expressed (as will easily be 

seen^ by -^ + m Pi 61, where m is a quantity which lies 

between 0*75 and 1. 



7 If we represent by j> the force with which the bar is strained when the 
extension is performed gradually ; by a and h the same force corresponding to 
the elastic and permanent elongations, which of course both vary with j> ; by 
Po the force corresponding to the limit of elasticity ; by \ the permanent 
elongation of the bcur at this limit ; by Å the sectional area of the bar ; by It 
its length, and E its modulus of elasticity ; if Pi , a^, \ and m have the same 
signification as given above, then the mechanical force required to break the 

bar, and which we will denote by M, = / » |)da 4- f * !«&. The modulus 

of elasticity, E, certainly diminishes somewhat, as previously shown, when the 
bar begins to obtain a permanent elongation ; but in an approximative calcu- 
lation, such as that here given, we may regard it as constant and give it 

a mean value. Then because p = _ , and a» = -=rrf therefore 

J ^ Jj Jo L 2 2 

Further, /*''> pdb =^ P' pdb + f^^ pdb = P"" pdb + (b^ - h^) P, 
•/ 9/0 ^' ÖQ Jo 

where P denotes a value of p which lies between P, and P|, but which is always 

P + P 
greater than ^ — -, because the permanent elongations increase in greater 

proportion than the excess of the loads above that at the limit of elasticity. 

p 
Since, too, P^ is in most cases greater than -j^, P is also greater than 0*75 P, ; 

and as h^ very rarely amounts to more than 0*1 %, and is usually much less, 

it may be presumed that / pdb = 1» Pi 6„ and thus M = -Lzl + 1» P, 6,. 

«y 2 

The relative value of the mechanical forces required to fracture bars of different 
sorts of Iron and steel of the same dimensions, may most easily be determined 
by graphically representing the permanent elongations produced by gradual 

stretching, in the manner shown in Plates III. and lY. f ^ pdb, or the 

quantity m Pj &i, corresponds, for each of the bars, to the surface limited by 
the curve of elongation and the co-ordinates of the final point of the curve ; 

and the quantity -^ might be represented by a right-angled triangle, of 

which one side would be the ordinate of the final point of the curve corre- 
sponding to Pi ; and the other side a portion of the absdssa-exis measured to 
the right of the point where the ordinate referred to intersects the abscissa-axis, 

100 P 
and which = — „-■' as the entire value of M waa represented by a single 

connected surface. 
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The mechanical force necessary to break a bar which rests 
free on two perfectly solid supports, can also be represented, 
as shown by experiments on flexion, by this same formula, if 
Pi denotes the force which when applied to the middle of the 
bar and gradually operating produces fracture, and a and h 
denote respectively the elastic and permanent deflection of 
the bar, corresponding to the force Pj. A bar of good iron 
resting free on two supports cannot, however, generally be 
broken by the load, and therefore our formula only expresses 
the mechanical force which gives the bar a greater or less 
permanent deflection \. 

The mechanical force necessary to break or strain different 
bars when acting gradually is not strictly the same as that 
required to break or strain the same bars when acting md- 
denly. For in the latter case the force P may possibly be 
somewhat different,^ and the permanent elongations and 
deflections which precede fracture or strain are generally 
somewhat less.^ On the other hand, there is no reason to 



s Kirkaldy concludes from his experiments that the force required to sud- 
denly break a bar is, on an average, not more than 80% of the breaking load 
at gradual fracture. But this conclusion cannot be correct, as he paid no 
regard to the fact that, in his apparatus for stretching, the load at sudden 
fracture must acquire a certain vi» viva before it can be entirely supported by 
the sample bar, and that this bar must therefore also resist the effect of this m» 
viva, Wertheim, on the contrary, asserted that a greater force was required 
to fracture a bar rapidly than slowly. 

• The amount of permanent deflection occasioned previous to fracture by a 
load or a shock acting gradually, is greatly dependent on the manner in which 
the load or shock operates. Each bar may be bent in a certain circular arc, and 
the radius of this arc is smaller the greater the ductility of the material. If 
the force acts at the middle by means of an edge or a very small surface, the 
curve becomes sharper there, and the amount of curvature which the bar may 
assume before fracture is less than if the force operated upon a larger surface, 
and the curvature was therefore distributed over a gre^tter length. This cir- 
cumstance must not be lost sight of when rails, axles, and similar objects, are 
tested by a gradually-applied load, or by means of a falling ball. 

[The translator, when inspecting railway materials, such as axles and rails 
of iron or steel, has always applied a short piece of an iron bar IJ in. square 
on the top of the rail or the axle ; the object of this piece being to receive the 
faUing iMkll, so that the effect of the blow may be confined within reasonable 
limits; for, as the balls used for this purpose are generally made too flat at 
the bottom, they must lessen the effect of the blow.— Trajwiator.] 
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presume that the value of the mechanical force^ calculated 
in the manner above indicated, should not express with 
sufficient accuracy for practical purposes the rdative value 
of the forces required to break different kinds of iron and 
steel when acting suddenly. 

Every shock corresponds to a certain mechanical force, 
and if a shock be applied either in the direction of the length 
of a bar when firmly fastened at one end, or to the middle of 
a bar resting free on two solid supports, that bar must break 
if the force corresponding to the shock is greater than*** 

-^ -{- mVx &i. Knowing the qualities of iron and steel, 

it is easy to determine that this expression is much greater 
for soft iron than for hard steel. For in hard steel when 
hardened, 61=0 very nearly, or is very small relatively to a^, 
and therefore the mechanical force necessary to rupture or 

strain such a bar depends mainly on the value of -^\ On 

the contrary, for unhardened steel and for iron, &i is in general 
considerably greater than a^, and therefore the mechanical 
force necessary to rupture or strain such bars depends chiefly 
on the value of m Pi \, which, as shown in Plates III. and IV., 
is greatest for soft steel and iron, in consequence of their 
greater ductility or tenacity. 

As the tougher material may yield to a greater extent 
when affected by a shock, it may thus longer resist the effect 
and may sustain a more violent shock than if it were twice 
as strong, but had only one-fourth the extensibility, although 
the amount of its power of resistance would be greater in the 
latter case. It may now be readily understood why a bar 



^ Afi the supports of the bar can never be perfecdy solid so that they do not 
shake, they always receive a portion of the shock, and thus vibrate. When the 
supports are, e,g,^ large masses of iron, this may be too insignificant for notice ; 
but when they vibrate much, or assume any permanent set, the portion of the 
shock which they receive may actually be greater than that received by 
the bar. This should be particularly remembered in testing iron and steel 
objects by the blow or shock of a falling body. (See Remarks on this by the 
translator in the Appendix.) 
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of iron can, by assuming a great permanent change of form, 
sustain a shock which would break a hard steel bar of the 
same dimensions, although the latter is able to carry a greater 
load if acting gradually.* 

5. "Best Material for Articles which occasionally are svhject to 
Severe Shocks. 

For articles which may be exposed to severe shocks, the 
quality of the material should always be selected with regard 
to the greater or less probability that a violent shock may 
occasionally have to be sustained, and to the probable effects 
of such a concussion. In those articles which, when subjected 
to very severe shocks may, without any great danger, assume a 
considerable change of form, but whose fracture would entail 
important consequences (such as armour plate), the material 
must necessarily possess great toughness.^ In other cases, as 
in certain parts of machinery, the inconvenience attending a 
change of form may be as great as that consequent upon rup- 
ture, if not indeed greater ; and therefore in the choice of the 
material for such purposes strength must be considered as of 
first importance, and extensibility as secondary. 



^ The fommlsB for resistance to shocks given by Redtenbacher and Weissbach 
are to a great extent erroneous, especiaUy with reference to a very extensible 
material such as soft iron, since these authors in the derivation of their formulse 
disregarded the permanent change of form, and supposed that the alteration 
of form in the material followed the same law when the limit of elasticity was 
exceeded as before it was attained. According to the coefficients given by 
Redtenbacher in his Der MaecJdnenbau (vol. i. p. 95), the very absurd result 
is obtained that a bar of cast steel should require, in order to be broken, from 
6 to 12 times as strong a shock as an iron bar, and this latter could endure 
but very little more than a bar of cast iron, supposing that the dunensions 
of all the bars are alike, and that the shock is applied in the same manner. 

^ In determining the power of resistance to shocks applied as suddenly as 
those of projectiles, there is but little deviation from the formula previously 
given ; because that part which is immediately struck by the moving body 
may be easily broken from the rest before there has been time for the shock 
to impart its effects to the surrounding material. In such cases it is always 
desirable that the material possesses in addition to ductility great strength to 
resist fracture. Soft cast steel is therefore no doubt better suited e.g. for 
cuirasses, than is very soft iron. The problem, however, involves many points 
difficult of solution. 

G 2 
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6. GhÅce of Material for Artides commonly svbject to Slight Shocks 
or Vibrations. 

For articles which are exposed during wear to a rapid suc- 
cession of small shocks or vibrations, and which must there- 
fore have such dimensions that each of these shocks cannot 
produce any perceptible alteration of form, it would generally 
be most suitable to select medium hard steel containing from 
0*5 to 0*7 per cent, of carbon ; for its limit of elasticity is 
higher than that of iron, and it possesses so great an exten- 
sibility that when rolled and free from flaws it may be elon- 
gated by traction from 5 to 15%, or even more ; added to 
which, it is at least 50% stronger than soft iron. The limit 
of elasticity, like the strength, may certainly be raised to a 
very great extent by hardening, but to do this requires consi- 
derable experience and a special knowledge of the material : 
moreover, the effects of hardening are in general very difficult 
to determine, at least for articles of large dimensions. By 
hardening, there is often induced in the material so strong a 
tension that the application of only a very slight external 
force is sufficient to produce rupture. According, however, to 
our experiments, hardening in oil is attended with less risk, 
provided that the articles have not been too strongly heated. 

The selection of a material at once strong and stiff, and 
yet in a certain degree extensible, is of especial importance 
when the shocks affecting the material do not always operate 
in the same direction, as in the axles of locomotive engines 
and steam-boats, &c. For such injury does not, as in many 
other cases, produce a set which soon becomes constant ; but 
if the material is not sufficiently stiff, or if the structure 
is too weak, it causes continual change of form, sometimes in 
one direction and sometimes in another, ^nd consequently the 
material sooner or later miid be broken. That in such a case 
steel is preferable to iron, in consequence of its superior 
strength, has been proved by the experiments which, at the 
request of the Committee, were undertaken at Taberg in 
Wermland, under the direction of Professor C. A. Angstrom. 
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Bars of iron and steel were tested in an apparatus of a con- 
struction essentially similar to that employed for a like 
purpose by the German mechanician Wohler, and described 
in Erbkam's Zeit9chrift fur Bautoesen for 1860. In this 
machine the bars under rotation are subjected, until broken, 
to a strain similar to that suffered by railway axles. For 
the details and results of these experiments, reference must 
be made to the account which will shortly be published by 
Professor Angstrom. 



7. Most suitable Degree of Hardness for Steel to he used for Tyres, 

Axles, dc. 

In determining the degree of hardness of steel best adapted 
to special purposes, regard must be had to the circumstances 
under which the articles will be employed, and to their 
method of manufacture. Thus, for example, with regard to 
those important objects railway tyres, the degree of hard- 
ness selected should have reference to the method of fixing 
the tyres on to the wheels, and to the greater or less security 
from fracture which it is necessary to attain, as also to the 
method of manufacturing the tyres themselves.* K the tyres 
are made solid without welding, so that after having once left 
the rolling-mill they need not be again exposed to heat, be- 
yond what is necessary for fastening them to the wheels, the 
proportion of carbon may without any risk amount to 0*6% ; 
but if they are made of bars bent and welded together, and 
fastened on to the wheels by bolts in the usual manner, we 
could not venture to recommend the employment of a steel 
containing more than about 0-4% of carbon, for the part at 



3 The economy of using steel instead of ii-on for railway tyres depends 
greatly upon its hardness, for it is evident that the harder the steel the longer 
it will wear. Safety, however, is a still more important point. Both these 
conditions may be attained by adopting retaining-fastening, that is to say, 
»uch a mode of fixing the tyre to the wheel that it cannot fly off even when 
broken. These retaining rings, used on Munsell's wooden wheels as well as 
on common iron wheels for railway carriages, have given highly satisfactory 
rcbults. — Trunslalor: 
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the welding becomes comparatively weaker tlie harder the 
steel employed. Even for solid rolled tyres manufactured 
on Krupp's plan/ a harder steel may be used than for tyres 
rolled from cast rings. 

Krupp is said to employ for axles of steamboats, locomo- 
tives, and machinery, cast steel containing from 0-5 to 06% 
of carbon ; and for axles of passenger-carriages steel with a 
little more than 0*6% of carbon. 

When the proportion of carbon in Bessemer steel and cast 
steel is as lovv as 0*4%, or even less, and the steel is not 
drawn out at too low a temperature, the elongation on frac- 
ture may amount to 16% or upwards {Gonf, Nos. 20 to 24, 
Tab. IV.), and the extensibility consequently becomes as 
high as in good puddled iron. As such steel is not only 
much stronger than soft iron, but is in general also sounder 
and more homogeneous than a product obtained by puddling 
or by refining in the hearth, there can be no doubt that it 
should be preferred to such iron for most purposes in which 
great extensibility is desirable or necessary — such as ship- 
plates, boiler-plates, objects struck cold by the die, and such 
articles as may require to be tinned or coated with another 
metal. 



8. Employment of Iron which has become Stiff hy Mechanical 
Treatment, 

As we have seen how soft iron containing a small amount 
of carbon may, by suitable mechanical treatment, be made to 
exhibit a high degree of stiffness and strength, it is evident 
that for certain purposes such iron may, to some extent, replace 
steel. In such a case, however, several conditions are neces- 
sary in the material. In the first place, its dimensions must 
be so small that it can by mechanical treatment be made 
sufficiently stiff ; after having been submitted to this treat- 
ment, it must not be reheated for further working, or exposed 



* See * Jernkontorets Annaler, 1862, p. 335.' 



Chap, II. Experiments on Tension. 87 

to heat during use, because in that case the elasticity and 
strength derived from the mechanical treatment would be 
lost ; and, further, the material must not be required of any 
great degree of hardness or power of resistance to wear. 
Iron wire that has been hard drawn is therefore generally 
used for springs in furniture, and cold-hammered iron for the 
smaller springs of carriages, &c., but such iron cannot be 
advantageously employed for larger springs, axles, &c. 



9. Employment of Iron containing Phosphorus, 

With regard to the influence of phosphorus on iron, it is 
known that even a small proportion of this element, such as 
0*1 or 0*2%, will, on strong prolonged heating, impart to 
the metal a coarsely-crystalline texture, and by this means 
diminish iia strength and extensibility; thus making the 
metal what is termed cold-short. But it is also known that 
if the iron after heating be drawn out to such an extent that 
on slow fracture it exhibits a fibrous structure, the metal 
becomes both strong and tenacious. If, however, an article, 
such as a screw-bolt, be manufactured from an iron bar which 
is rich in phosphorus, but which by tilting has attained the 
requisite degree of tenacity, the texture at the top of the bolt 
is often so changed by heating that it may be broken by a 
single blow. For the same reason a tyre which is not rolled 
solid, but is welded, may be sound throughout the greater 
part of the circumference, even if the material contain a 
tolerably large proportion of phosphorus ; but at the welding- 
joint such a tyre has nearly always a coarsely-crystalline 
structure, and is therefore dangerous. For articles of consi- 
derable size, such as the large axles of machinery, the use of 
iron containing much phosphorus must be entirely avoided ; 
for the mechanical treatment which such objects undergo is 
not suflBcient to overcome the brittleness resulting from a 
coarsely-crystalline texture. Such iron may, however, be em- 
ployed without any particular inconvenience for certain rolled 
articles which never require to be strongly heated after 
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leaving the mill ; snch, for example, as rails. Indeed, the 
upper part of rails, both in England and on the Continent, 
is usually manufactured of iron containing a large amount of 
phosphorus ; for the phosphorus renders the iron more readily 
welded, and increases its stiffness and capacity of resisting 
wear. From this property of being weldable at a low. 
temperature, iron containing much phosphorus is not unfre- 
quently used for boilers, gas-pipes, &c. It is generally sup- 
posed, and apparently on good ground, that iron containing 
phosphorus is less subject to be attacked by rust, and that 
boiler-plates made of such iron are less oxidized by the 
flame. 

10. Employment of Iron containing Slag or Cinder, 

An intermixture of slag may, as we have seen, be useful in 
an iron rich in phosphorus, since it diminishes to a great 
extent the tendency of the metal to become cold-short. On 
the contrary, an iron which contains much slag cannot — or at 
least can only with diflSculty — be forged and worked hot 
without cracking. Such iron cannot therefore be advan- 
tageously employed for any purpose in which it is necessary 
to fashion the article by forging, as is the case with most of 
the iron required for building structures, rails, T-iron, and 
many other forms of worked metal. In consequence of in- 
suflScient connection between the different layers of metal 
which are partially separated by the intermixed cinder, such 
iron often exhibits seams along which it splits at ordinary 
temperatures on exposure to any powerful pressure, as may 
often be observed in rails and tyres. Iron rich in slag is also 
less suitable for objects which are to be coated with other 
metals ; and it is likewise more readily attacked by water, 
especially if the water be saline : on this point, however, the 
author is not aware that any accurate comparative experiments 
have been undertaken. 
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11. Advantages of a pure Iron for Oeneral Forging 8, 

As often noticed in this memoir, there are several qualities» 
beyond those brought under notice in experiments on tension, 
which determine the value of an iron and its application to 
different purposea In the choice of a material for many 
parts of machinery, certain kinds of smiths'-work, &c., the 
strength of the iron is often of comparatively small importance 
— the more so as this may not unfrequently be raised by suit- 
able mechanical treatment. But in general. the points which 
demand first attention are the soundness of the iron and its 
freedom as far as possible from prejudicial impurities — espe- 
cially slag, sulphur, and phosphorus — so that the iron may be 
readily worked hot without cracking, and may not become 
brittle on cooling. For many such purposes, a pure iron 
carefully refined in the charcoal hearth must still retain the 
position which it has justly acquired, and will withstand com- 
petition even against the best puddled iron.* 



' Iron mannfactared by the puddling process, as well as that made in the 
charcoal hearth, can hardly be compared in respect of purity with that made by 
the Bessemer process ; and as there is no difficulty in producing as soft an iron 
by that method as by the others, and at no greater cost, such, iron wiQ in all 
probability take the lead whenever the pig-iron employed is suitable for its 
production. — Trandator, 
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OHAPTEE III. 

EXPEBIMENTS ON TENSION AT LoW AND HlGH TeMPEBATUBES. 

1. Introduction. — 2. Description of apparatus employed for experiments iu 
extreme cold. — 3. Condition of the sample-bars used in these experiments. 
— 4. Comparative experiments on tensile strength at about 60° Fahr. — 
5. Experiments at high temperatures. — 6. Results of experiments on 
tensile strength at different temperatures. — 7. Description of apparatus 
employed in experiments on the modulus and limit of elasticity at dif- 
ferent temperatures. — 8. On the position of the limit of elasticity at 
different temperatures. — 9. On the variation of the modulus of elasticity 
at different temperatures. — 10. Itésumé of results. — 11. Cause of frequent 
fracture of certain articles of iron in severe cold. 

1. Introduction, 

It has long been a common opinion that steel and iron 
become brittle and weak at low temperatures. Observation 
has shown that chains employed for capstans are more often 
broken during the severe cold of winter than at other seasons ; 
and a similar remark applies to common carriage-axles, and 
with especial force to the axles and tyres of railway carriages. 
The only reliable experiments with which we are acquainted, 
on the behaviour of iron and steel when stretched at low tem- 
peratures, are those of Wertheim,^ but these seem to lend no 
support to the general opinion above expressed. Wertheim's 
experiments, however, were made only with fine iron wire of 
027, and with blue-tempered steel wire of 0*2 line diameter ; 
and the temperature at which he examined them was in 
general not lower than about 14° Fahr., and in only one out 
of his six experiments did it sink to 7° Fahr. We have there- 
fore considered it of interest to examine the absolute strength 
of rolled and forged bars of iron and steel, as well as their 
extensibility, limit of elasticity, and modulus of elasticity, at 
the lowest temperatures which occur in Sweden. 
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In order to ascertain more accurately the influence of tem- 
perature on the mechanical properties of iron and steel, we 
have also undertaken experiments on traction at high tempe- 
ratures, varying from 248'' to 392° Fahr. 

Before describing the apparatus employed in these investi- 
gations it should be mentioned, that it was necessary to con- 
struct that apparatus in such a manner that it might be 
adapted to the hydraulic stretching machine, which was placed 
at our disposal, and which has been previously described. 



2. JEi^ertmente on Tensile Strength in eoctreme Cold : Description of 
the Apparatus employed. 

The apparatus employed in experiments on fracture by ten- 
sion at low temperatures is represented one-eighth of its 
natural size, in figs. 1, 2, and 3, PI. VI. Fig. 1 is a plan of 
the apparatus as arranged for use; fig. 2 is a longitudinal 
section along the line X T ; and fig. 3 a transverse section 
along the dotted line U V in fig. 1. To produce the requisite 
reduction of temperature, we have always employed a so-called 
intermittent freezing machine after Carre's construction, such 
as is described in Dingler's Polytechnisches Journal for 1861, 
and in several other technological journals. It consists of 
two thick iron reservoirs, A and B, connected by a tube c. 
The cistern B is formed of an external conical vessel a, in 
which a cylinder h is fastened both above and below. The 
upper end of this cylinder is entirely open, whilst the lower 
end is pierced by an aperture furnished with a short tube e. 
To avoid fracture of the tube c, by which A is brought into 
connection with the space between a and 6, it is fastened to 
A by a short tube d, the only use of which is to strengthen 
the machine. Before the apparatus is used, the vessel A is 
filled to about three-fourths of its capacity with strong caustic 
ammonia, whilst the space between a and h remains empty. 
The other portions of the apparatus are vacuous, and the whole 
is closed air-tight When a low temperature is to be produced, 
the vessel B is depressed into a cistern of cold water (the 
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colder the better), whilst A is gradually heated in a small 
furnace until its temperature reaches 266° or 284° Fahr., as 
indicated by a thermometer placed in a small tube previously 
filled with oil, y, fig. 1. It is well known that water at 
6(P Fahr., and under ordinary atmospheric pressure, absorbs 
about 460 times its vol. of ammoniacal gas ; and it is unne- 
cessary to remark that the caustic ammonia is nothing more 
than water saturated with gaseous ammonia. By heating 
the caustic ammonia in the vessel A, the gas is expelled from 
solution ; and as the apparatus is perfectly closed, the pres- 
sure increases, and the gas becomes condensed to the state of 
liquid in the cooled annular space in B. When the tempera- 
ture in A has reached 266° Fahr., A contains only water, 
whilst B contains condensed ammonia nearly free from water. 
The pressure in the apparatus may amount to from 6 to 10 
atmospheres, according to the temperature of the cold water. 
The temperature in the vessel B is of course always rather 
higher than that of the cooled water, and the pressure of 
the condensed ammonia is at 32° Fahr. = 4*4 ; at 50° = 6 ; 
at 66° = 7-6 ; and at b2° = 10 atmospheres. The vessel 
A is now depressed in the reservoir of cold water, from 
which B is removed, as shown in fig. 3. When the water 
in A is thus cooled it re-absorbs the ammoniacal gas with 
avidity; and as this absorption proceeds, the condensed 
ammonia evaporates in the same proportion from B. This 
evaporation causes a great reduction of temperature in B ; 
and in some of the experiments, when the cylinder 6 was filled 
with alcohol previously cooled several degrees below 32° F., 
and was not connected with any other vessel, this reduction of 
temperature was as low as — 58° Fahr. In order to prevent 
B from becoming warm on removal from the reservoir of cold 
water in which A is afterwards immersed, the vessel B should 
be wrapped in cotton wadding. With a freezing apparatus 
of such a size as that represented in the plate, it requires one 
hour, or an hour and a half, for the vessel A to reach the requi- 
site temperature of 266° Fahr., and the production of cold in 
B requires almost an equal length of time. 
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By means of the apparatus figured, a sufficient reduction of 
temperature was effected for all experiments on fracture by 
tension ; but for the determination of the limit of elasticity 
and modulus of elasticity at low temperatures, two freezing 
machines have in general been employed consecutively — one 
of the size represented in PL VI., and the other somewhat 
smaller. This arrangement was necessary in order to obtain 
a suflSciently low temperature in the larger body of alcohol 
necessarily used for these latter researches. 

In the author's latest investigations he has employed a 
larger freezing machine, which, according to the maker's state- 
ment, is estimated to produce two kilogrammes of ice at each 
operation ; and by this machine there has been no difficulty 
in obtaining as low a temperature as — 22° Fahr., and even 
lower. 

In using these machines it is of great importance to so 
adjust the apparatus after each operation that the vessels A 
and B are horizontal, and B placed above A, in which position 
they should remain for at least a quarter of an hour before 
being again employed. After each experiment, B always 
contains a little caustic ammonia ; and if this does not run 
over into A, so that B is as dry as possible, only a slight 
degree of cold is produced. To accelerate the drying of B, it 
is desirable to place it for a quarter of an hour in warm water 
before proceeding with the experiment. 

The apparatus in which the sample-bars were enclosed and 
cooled, during the experiments on fracture by tension at low 
temperatures, is represented in the figs, by D. It consists 
essentially of a brass tube, about two inches in diameter, termi- 
nated at one extremity by a short tube A, and at the other by 
a longer tube i? which, like Ä, has a diameter only just large 
enough to admit the thick end of the sample-bar. i and I are 



2 In experiments on tension at low temperatures it was not necessary that 
the tube * should be longer than h ; it was, however, made of the length indi- 
cated in the fig. because we required to use it afterwards in experiments at a 
high temperature ; and for that purpose, as will afterwards appear, there is an 
advantage in having the tube i longer. 
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two curved copper tubes communicating with the freezing 
apparatus — h with the upper part, and I with the lower part. 
The connection between i and 6 was eflfected by a short india- 
rubber tube, and by two copper tubes, m and y, united by 
caoutchouc : the tube j passes into the cylinder 6 through a 
loose cover u, consisting of two semicircular halves. In m are 
soldered two smaller tubes, of which one n receives a ther- 
mometer, whilst the other o communicates with a small glass 
tube through the bulb jp. 

The tube I is connected with the cylinder h by means of 
two india-rubber tubes r and i^ and a branch tube s. 

The sample-bar is inserted in the apparatus and secured in 
the press as afterwards explained, and the vessel A, having 
been previously heated to the proper temperature, is immersed 
in the cistern of water ; the caoutchouc tube t is fastened 
to the small tube e connected with the bottom of 6. A small 
pumping apparatus E is introduced into the cylinder 6 ; and 
the tube j passing through the cover u^ as well as the cylinder 
6, and the system of tubes connected therewith, are all filled 
with alcohol.^ By suction through an india-rubber tube 
attached to |?, the upper series of tubes, i, m, o, |?, and j, 
become filled with spirit until it rises in the glass-bulb |?, and 
the caoutchouc tube is then closed by a small clamp. 

At the conclusion of each experiment the spirit is run oif 
through an india-rubber .tube which is connected with s, 
and is kept closed during the investigation by means of a 
clamp. 

To protect the tube D from the effects of heat, it is sur- 
rounded by a hood of sheet zinc v^ consisting of four separate 
parts ; and this again is surrounded by a thick external coat- 
ing of cotton wadding. 



3 Brandy containing 50% vol. of alcohol, cannot be used for this purpose if 
the temperature is reduced below — 27° Fahr., since brandy of that strength 
begins to freeze at this temperature. 

* This hood might certainly be dispensed with in experiments on fracture 
by tension at low temperatures ; but it is necessary if the same apparatus is to 
be employed for experiments at a high temperature. 
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All the connecting tubes should likewise be protected from 
heat by being well wrapped in cotton wadding, or in some 
other bad conductor of heat. 

By the great reduction of temperature produced in B, a 
circulation of the spirit is spontaneously set up in the direc- 
tion indicated by the arrows in fig. 3. But in order to accele- 
rate this circulation, a pumping apparatus E is introduced 
into the cylinder 6, the piston of which does not fit close to 
the walls, and can therefore be easily moved, and is furnished 
with two large tin-plate clacks. If, in consequence of violent 
pumping, or of any small defects in the joints of the upper 
tubing, air should enter the apparatus so that the spirit sinks 
in the bulb |?, it must be refilled by suction in order to be 
certain that the circulation is not interrupted. A thermo- 
meter in the tube n serves to indicate the temperature to 
which the sample-bar is exposed. The tube D is furnished 
with two small tubes aj, oj, for the reception of thermometers ; 
but as these would be in danger of being broken on fracture 
of the bar, they are only occasionally employed for con- 
trolling the indications of the instrument in w. Spirit 
thermometers must of course be employed whenever the 
temperature falls below, or even approaches, the freezing- 
point of mercury. 



3. Condition of the Sample-hars used in Eayperiments on Tenaum at 
Low Temperatures, 

In all the experiments on fracture by tension at low tem- 
peratures, the sample-bars have been each about 3 feet long, 
and filed square for a length of about 6 inches in the middle 
of that part which is enclosed in the tube D, so that by thus 
being weakened the bar would not break at any other part 
where it was warmer. The square portion of the sample has 
been divided by transverse lines into tenths of an inch, and 
some into twentieths, by means of the screw-measure previ- 
ously described, and which has also been employed during 
filing to secure uniformity of dimensions. The bars have 
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always been fastened in the stretching-apparatus by the 
previously described method of stubbing at both ends, with 
the use of a screw at one end and a nut at the other, as 
shown in fig. 2 ; or with nuts at both ends, when more 
convenient 

The sample-bar and the tubes 6 and c have been tightened 
together by means of thin india-rubber tubing, stretched at 
one end over 6 or c. When soft iron is to be broken, one of 
these must be of such a length and so adjusted that it per- 
mits the bar to elongate at least 1 dec. inch. 

When the tubular apparatus D is connected with Carre's 
freezing apparatus, and is filled with spirit, as previously de- 
scribed, pumping is commenced in E, and the temperature in 
D is thereby rapidly lowered. When this is sufficiently re- 
duced, the bar is subjected to tension in the usual manner, 
with weights gradually increasing until the bar breaks. In 
these experiments the load was each time increased by a 
weight in the scale of the long arm of the bent lever corre- 
sponding to 10 lbs., or at most to 20 lbs., per square line of 
the section of the filed part of the bar. When the bar had 
been broken and removed from the apparatus, its elongation 
between the divisional marks drawn upon it, as well as the 
area of its fractured surface, was measured. 



4. Comjparative Experiments on Tensile Strength at dbcmt 60° Fdhr» 
{ordinary temperature). 

In order to make these experiments as valuable as possible 
with regard to the influence of temperature on the strength 
and extensibility of iron and steel, the sample-bar, when its 
original length was 6 leet, has usually been divided into two 
parts each 3 feet long : one of these halves has then been 
strained at a low temperature, and the other at about 59° 
Fahr. When the original length of the sample-bar was so 
great that it gave more than two 3-feet bars, one at least of 
these has been tested at 60" Fahr. This method certainly 
occupies considerable time, but it was deemed necessary. 
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because in many kinds of iron and steely separate bars of the 
same make present great differences with regard to strength 
and extensibility ; but it may be fairly assumed that the same 
bar if carefully manufactured will be nearly homogeneous 
throughout — ^an assumption which experiment has indeed con- 
firmed. Excepting some bars of hard and very slightly ex- 
tensible steel, all bars which were broken at 60° Fahr. were 
surrounded during the experiment by water of that tempera- 
ture. For when the stretching begins to produce a permanent 
elongation, it raises the temperature of the bars, especially 
those of soft iron ; and therefore if the tension were effected 
in the open air, it would be impossible to determine the tem- 
perature of the bar from that of the atmosphere, as the former 
might be considerably higher than the latter. 

5. Ex^^erim&nii on Tensile Strength at High Temperatures. 

As a knowledge of the absolute strength and extensibility 
of iron and steel at temperatures of from 212° to 392° Falir. is 
of great practical importance in many cases, — as, for example, 
with regard to their employment for boilers, — investigations 
have also been undertaken on this subject ; and these experi- 
ments have for the most part been conducted in a similar 
way to those at very low temperatures. Each of the sample- 
bars has been about 3 feet long, and filed in the middle for a 
length of about 6 inches, to ensure fracture at that part. In 
order to expose them to a suitable degree of heat, they have 
been introduced into the previously-described apparatus used 
in experiments on tension at low temperatures, and repre- 
sented in figs. 1 to 4, PI. VI. In this case, however, the 
sample-bars have been surrounded by melted paraffine, which, 
in consequence of its thin consistence, seemed well adapted 
to this purpose. The paraffine is heated in a cylindrical 
copper vessel, communicating by means of copper tubes 
with the apparatus that surrounds the sample-bar. In fig. 4, 
PL VI., A represents this copper reservoir surrounded by an 
external covering B ; C is the pumping arrangement by which 

H 
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the circulation of the hot paiaffine is accelerated, so that the 
bar may be surrounded by liquid of a nearly uniform tempe- 
rature; and D is the tubular apparatus which encloses the 
sample-bar, and is itself surrounded by a hood of sheet-zinc to 
prevent loss of heat. The hot paraffine is forced in from 
below through the tubes a and Z, and makes its exit from 
above through "k and }>. x oi are two short tubes in which 
thermometers may be inserted ; and the tube e in the cylinder 
A answers a similar purpose. When, however, it is appre- 
hended that the bar is about to break, the thermometers must 
be drawn up some distance in the tubes x x; but as they 
are in great danger when in this position of being injured 
through the shock which the whole apparatus receives on 
fracture of the bar, we have generally preferred to use only 
one thermometer, placed in the tube e connected with the 
cylinder A ; especially as its indications, on steady pumping, 
have proved to be only 1 or 2 degrees higher than those of 
the thermometers in x x — a difference which of course is of 
no importance in such experiments. 

The sample-bar may be fastened tight in the tubes Ä, ♦, 
(fig. 2), by binding india-rubber tubing over the bar and the 
tubes, as in experiments at low temperatures. The india- 
rubber tube at h was thick, in order the better to resist the 
action of the paraffine, whilst that at the end of i was thin 
and pressed together, so that it lay in folds and thus opposed 
no great resistance to the elongation of the bar. 

As melted paraffine attacks vulcanized india-rubber, even at 
a temperature of only 266° or 302° Fahr., we have endeavoured 
to keep the copper tube i cooler, and thus protect the india- 
rubber tubing, partly by making the tube ♦ longer than the 
corresponding tube at the other end, and partly by retarding 
the circulation of the paraffine in i by surrounding the sample- 
bar with a short india-rubber tube, which nearly filled the 
space between the bar and the copper tube. 

The junctions between the tubes a and Z, and b and i, were 
made with stout caoutchouc tubing ; and when a higher tem- 
perature than 320° Fahr. was employed, this tubing was bound 
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round with annealed brass or iron wire. The flanges of a and 
J, and the short tube on the cylinder A, were secured by inter- 
mediate rings of copper softened by annealing. 

The entire tubular apparatus was suspended and counter- 
poised, so that it might not press on the sample-bar, as in 
experiments at low temperatures. 

In order that the bar when raised by stretching might not 
receive any lateral pressure from the connection of the cylinder 
A with the apparatus, this cylinder was fixed by iron wires 
c, g, to the taps d, d on the upper part of the cylinder, so that 
it might swing freely in the casing B. 

The paraffine was of course first melted in a separate yessely 
and heated to the requisite temperature. It was afterwards 
maintained at this temperature, or raised, according to cir- 
cumstances, by means of a gas-lamp placed under the cylinder 
A, and consisting of three large Eisner's burners, each haying 
its own cock. After each experiment, the paraffine is run 
off through the tap on the tube a* 

At a high temperature, paraffine, as previously noticed, 
energetically attacks india-rubber ; and therefore in some of 
the experiments on &acture the sample-bar was enclosed in a 
tube of cast-iron, heated directly by means of such a gas-appa- 
ratus as that employed in organic analysis. This iron tube is 
represented in PI. 11., where fig. 5 shows a front view, and 
fig. 6 an end view. In these figures, a a are short tubes over 
which india-rubber tubing is stretched to impede the circula- 
tion of air ; and 5, 5, &, are three tubes for the reception of 
thermometers. When the gas-burners are so regulated that 
the necessary heat is attained, and when thé^ three thermo- 
meters show nearly the same temperature and this remains 
tolerably constant, the thermometers should be removed, and 
used only now and then to observe whether the temperature 
around the bar has undergone any essential alteration. When 
the thermometers are allowed to remain in the apparatus 
during the fracture of the bar, they ought at least to be 
drawn up in the tubes and protected by caoutchouc tubing, 
so that they may not be dashed against the sides of the 

H 2 
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tubes on the concussion which accompanies the rupture of 
the bar. 

6. Bewlta of ExperimewU on Tensile Strength at differ evU 
Temperatures. 

The results of all these experiments on fracture at high 
and low temperatures are collected in Table VIT., for com- 
parison with those obtained at the ordinary temperature. 

In this table we have given, as a measure of extensibility, 
the percentage elongation after fracture, calculated partly on 
the measured and divided portion of the bar at which fracture 
did not occur, and partly on the entire length of the divided 
portion, if the bar was not ruptured beyond the outer di- 
visions. This has not, however, been always of the same 
length, but in very hard bars, difficult to file, it has been 
sometimes only 3*5 or 4 inches, instead of the usual length of 
4'5 inches. In order, therefore, to make the elongations in 
such cases as far as possible comparable with those of other 
bars measured after fracture, we have calculated the per- 
centage elongation which would have been obtained if the 
divided portion of the bar had originally been 4*5 inches 
in length. This elongation is always greatest at the inch- 
division where fracture occurs, and of course the elongation 
at that part will increase the percentage elongation the more, 
the shorter the divided length may be. 

From this table it is seen that amoDg all the bars broken 
at very low temperatures only one — namely, the cast-steel 
bar No. 18 — broke with a smaller load than was necessary to 
fracture another portion of the same bar at the ordinary 
temperature. In this case, however, the difference between 
the two breaking weights is too insignificant to demand 
attention; and, moreover, an opposite result was obtained 
with another bar of the same make, No. 20. In general, the 
extensibility has not been found less at low than at ordinary 
temperatures. 

On the contrary, at higher temperatures, between 212° 
and 392° Fahr., the absolute strength of iron is considerably 
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greater than at ordinary temperatures, as Dr. Fairbaim also 
found in Ids experiments ; but on the other hand the exten- 
sibility appears to be somewhat diminished. In steel, 
however, there does not seem to be any essential difference, 
either in absolute strength or in extensibility, within the 
range of temperature mentioned. * \ \\ \ * *- / 

The greatest increase of strength by eleyation oJ tempera-" 
ture was found in those hinds of iron trhi^B- 6qi^älneä!^t\: 
little carbon ; and in order to ascertain that this result was 
not accidentally occasioned by the filed portions of the bars 
having been harder than the rest, we determined the amount 
of carbon at the place of fraxjture in the bar numbered 71 in 
Table VII., this bar having been ruptured in a paraflSne bath. 
The proportion of carbon in that part was found to be 0*07%, 
and therefore was not greater than in other bars of the same 
kind of iron. From this experiment, as well as from those 
performed in hot air with the cast-iron apparatus repre- 
sented in PI. II., it is manifest that the increased strength 
exhibited by iron at high temperatures cannot be referable 
to any chemical influence, or carburization, exerted by the 
paraffine on the iron during the experiment.* 

As it is well known that the specific gravity of iron is 
diminished by stretching at ordinary temperatures, we con- 
sidered it would be of interest to determine whether the 
same effect . is produced, and if so in what manner, when 
the traction is performed at other temperatures. For this 
purpose we have taken the specific gravities of some of the 
bars mentioned in Table VII. after fraxjture, examining both 
the filed portion and the original unfiled part, which in 
general has not suffered any perceptible alteration by 



^ It iB indeed highly improbable that paraffine, at so low a temperature and 
in so short a time as that required for these experiments— the time rarely ex- 
ceeding one hour — ^would be able to carburize an iron bar. Nevertheless, the 
French metallurgist Ghenot asserts that reduced iron in a spongy state, if 
left in oU, becomes ai the ordinary temperature cemented and converted into 
steel. This experiment, however, has not, as far as the author knows, been 
oon^rmed by any other observer. 
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stretching. It was believed that from these determinations 
some explanation might possibly be found of the very re- 
markable quality which iron possesses of becoming stronger 
at certain degrees of heat than at ordinary temperatures. 
As seen, however, from Table VII., there is generally no 
^eat diffare^jcö J)etween the diminutions of specific gravity 
'•when- tile -fracWre^ by extension was performed at different 
: 4^f^]P^temjperattire. 

7. Experiments en the Modfdus and Limit of EUxMidty in Iron 
and Steel at different Temjperaturea : Deacrij^ion of Apparatus 
employed. 

Experiments have also been made in order to determine 
in what manner the position of the limit of elasticity, and 
the value of the modulus of elasticity in iron and steel, are 
dependent on the temperature at which the tension is per- 
formed. The bars used for these experiments were each 
about 6 feet long, and were inserted in the apparatus pre- 
viously described and figured in figs. 1 to 4, PI. YII. 
This apparatus, as already stated, consists essentially of a 
brass tube A about 4*76 feet long and 2 inches wide. At 
the lower part of this tube a smaller parallel tube B is in- 
serted at each end, and from the middle project two bent 
tubes D and E. During experiments in severe cold, D is 
connected by tubes with the upper part of Carre's freezing 
apparatus, and a tube G soldered on to B is connected with 
the lower part, in essentially the same manner as that shown 
in fig. 3, PI. VI. When the apparatus is in action, a stream 
of cold spirit flows from the bottom of the cylinder I through 
the india-rubber tube into C, where it is divided into two 
streams, one of which passes to each end of the large tube A. 
It thus enters at the lower side, but makes its exit at 
the middle of the upper part through D, returning by the 
connecting tubes to the upper portion of the freezing appa- 
ratus. Two small tubes, e, e, are soldered on to A, for the 
reception of two thermometers, the bulbs of which may be 
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depressed, if desirable, nearly to the bottom of A, as the 
tubes, c,c, are placed on one side of the vertical plane 
passing through the axis of A. The tubular apparatus 
is also surrounded, £is in the experiments on fracture, by 
a zinc hood, on the outside of which is a thick coating of 
cotton wadding, which it was unnecessary to show in the 
figure. When the pump placed in the cooling apparatus 
has been worked for about a quarter of an hour, the tempe- 
rature around the bar becomes quite uniform, if the appa- 
ratus is well protected ; and the thermometer in the middle 
of the tube A stands only 0*1° or 0*3° higher than those at 
the two ends of A where the streams of cold spirit enter. 

In order that the apparatus when filled with spirit may 
not press on the bar under test, it has always, as in other 
experiments, been suspended by cords from two balances, 
about one foot long, placed in a frame above, and so counter- 
poised that if the nuts to the screws Jfc, Ä, (fig. 2, PL I.) are 
loosened, the bar moves freely in the apertures of the cross- 
pieces Ä and i (figs. 3 and 4, PI. I.). 

In experiments at high temperatures the tubes C and E 
(of which the latter is bent into an S-shape, and is of an 
elliptical section in order to be the more easily bent), are 
united by thick india-rubber tubing with the tubes a and &, 
which proceed from the copper vessel A, shown in figs. 4 and 
5, PI. VI. When the entire apparatus is filled with hot 
parafBne, it is forced by the pump C, placed in A, through 
the tube a (fig. 4, PI. VI.) into B, where it is divided into 
two streams, which enter A at the lower side near the two 
ends. As the paraflSne cools down, it falls to the bottom, 
and therefore makes its exit at the lower side of A through 
the tube E, and returns by 6 (fig. 4, PI. VI.) to the copper 
reservoir above described, where it is heated afresh. The 
tubular apparatus surrounding the sample-bar is of course 
encased during these experiments by the zinc covering 
coated with cotton wadding. When the paraflSne has been 
kept in continual motion by the pumpiug-machine C, and 
the apparatus has been coated in the manner just described, 
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the thermometers inserted in the extremities of A rarely 
differ in their indications more than 0*1°. When the pump- 
ing has been continued for about a quarter of an hour, the 
middle thermometer heis not generally deviated from those 
at the ends by more than 0*5°. At temperatures above 302° 
Fahr. paraffine rapidly corrodes thin india-rubber tubing, 
and, therefore, in these experiments the temperature has 
rarely been allowed to rise higher than that point. 

In the middle of the tube A, figs. 1 and 2, PL VII., is 
fixed the arrangement previously described by which the 
position of the sample-bar may be. so adjusted that the 
extending forces, as &r as possible, shall act centrally; 
alid the necessary correction may be made for the different 
curvatures of the bar on different occasions.' The formula 
for these corrections, as well as for those of temperature, is 
found to be as follows — when the plane of the scale, as was 
usually the case, lay about 3*6 lines above the axis of the 
bars — viz. : — 

L' - L = Zj - ^, + 0-064 (x, + yi - flj, - yo) 
- 7248 8 (<i - g. 

Partly, and indeed chiefly, on the ground of certain well- 
known experiments on the coef}:cients of expansion of steel 



* By the side of the tabes «, e, (figs. 1 to 4, PI. YIL), and parallel with them 
are two large tubes Z, Z, in which are placed two bars m, m, bent rectangular at 
their lower extremities. The object of these bars is to receive the sample-bar 
below and raise it until it touches the bars d, d, adjusted at a preceding expe- 
riment and fastened by screws, so that the middle of the bar is brought into 
precisely the same position as it had in the previous experiment. The bars 
m,fra» when they have raised the bar, must of course be secured, which is 
accomplished by smaU cods so screwed on to the tops that they touch the 
boxes on the upper part of the tubes IX If the length of the sample-bar 
should be measured when set free as previously indicated, which may be 
especially needful when the lever is loaded with weights troublesome to remove, 
we can tiius bring the middle of the bar into the same position which it occu- 
pied at the preceding measurement, when the bar was extended by so great a 
force that it was kept nearly straight. As, however, it was found that even 
with the use of the hooks the length of the free bar could not be measured 
with the same accuracy as the length of the bar when stretched by a moderate 
force, these hooks have but rarely been employed ; and indeed such a degree 
of accuracy has never been requisite. 
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and iron, and partly also on the ground of special experi- 
ments of our own, in which the length of several bars placed 
in our apparatus, and stretched by a suitable weight, was 
accurately measured at differences of temperature of from 
9° to 18° Fahr., we have found it necessary to give the fol- 
lowing values to the coefficient of ^j — /^ i^ ^^ formula 
above, viz. : — 

7' 348 8 = 

o*o65 

0*078 

0*088 

0*072 

. 0*085 

• 0*095 



For steel at about 


- 13° Fahr., 


Do. 


+ 59° .. 


Do. 


+ 366° ,, 


For iron at about 


- 13° ,. 


Do. 


+ 59° .. 


Do. 


+ 266<' ,, 



The coefficient of expansion certainly seems to be lowered 
in steel as the amount of carbon is increased ; but as the 
difference of temperature at two successive extensions has 
rarely been more than 0*5°, it has not been considered ne- 
cessary to notice this circumstance. The temperature of 
the sample-bars is, moreover, not indicated precisely by the 
thermometers, and, therefore, the corrected measurements of 
length always showed the best agreement when the tempe- 
rature could be maintained nearly constant. 

In all these researches the instrument employed for 
measuring the elongations has been wrapped in cotton 
wadding and calico, in order that it might not be affected 
by the temperature of the apparatus. In this way the 
instrument has been so well protected, that thermometers 
placed in cotton have rarely been raised or lowered more 
than 1° during a series of experiments continued for several 
hours. Under these conditions it is certain, that the length 
of the measuring instrument could not have been perceptibly 
changed during the short time which elapsed between the 
successive observations of length — a point which, of course, 
is of the greatest importance in the determination of the 
modulus of elasticity. 
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8. £l^pertinen(« on tike Pontion of the lAmit of Elasticity at different 
Temperatures, 

As, in these experiments, the temperature at those parts 
of the sample-bars which lie between the branches of the 
tube A and the fixed points of the scale might differ to a 
considerable extent from that of the part within the tube A,'' 
it was considered necessary in experiments on the limit of 
elasticity to prevent permanent elongation in those portions. 
In researches on the limit of elasticity we have, therefore, 
used only such bars as have been filed down for a length of 
about 4*5 feet, so that the section at that part, even if pre- 
viously round, has become nearly square, and in general 
about 33% less than the section of the other part. These 
bars have been so fetstened in the apparatus that the filed 
portion has been quite enclosed within the tube A (figs. 1 and 
2, PL Vn.), and its ends have been at nearly equal distances 
from the branches of the tube. There was special necessity 
for this precaution, as it had been previously found by ex- 



7 In order to obtain approximately an idea of the temperature that prevaQed 
in these parts of the sample-bar, wires of German silver and iron were soldered 
on to the bar at the lines which were marked at a distance of 5 feet apart, and 
therefore at the fixed points of the scales. The other ends of these silver-wires 
were soldered to other iron-wires, and had their junction placed in a bath of 
cold spirit or hot paraffine, the temperature of which could be accurately regu- 
lated and measured. When the iron-wires were connected with a galvanometer, 
the temperature could be determined with sufficient accuracy in the manner of 
a thermo-electric arrangement. In this way we found that when one of the 
fixed points of the scale was 1*744 inch outside the branch of the tube A, 
and the temperature within this tube was 25° Fahr., then the temperature at 
the fixed point of the scale was 2SP Fahr. ; and when at the former place it 
was 278° Fahr., it was only 168° Fahr. at the latter ; whilst in both cases 
the temperature within the tube was maintained nearly constant for at least 
a quarter of an hour. 

By soldering wires of German silver and iron at the junction between the 
filed and unfiled portions of a sample-bar, we found in the same way that 
when the bar was heated in a paraffine bath of about 284° Fahr., and the 
junction referred to was placed about 1*166 inch within the branches of the 
tube A, the temperature at that point was not more than 0*3 of a degree lower 
than that indicated by the thermometer placed within the tube. It may 
therefore be considered, that the thermometers in A generally indicated witii 
sufficient accuracy the mean temperature at the filed part of the sample-bar. 
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periments on flexion that the limit of elasticity in both iron 
and steel is higher at very low than at ordinary tempe- 
ratures.® 

The position of the limit of elasticity in iron and steel is 
in a great measure dependent, as previously proved, on the 
mechanical treatment to which the material has been sub- 
jected, and on the temperature to which it has been subse- 
quently exposed. This limit can never, therefore, be known 
with accuracy without a special determination, and by such 
a determination the limit itself is raised. It has been found 
that with a bar which has been extended beyond its limit of 
elasticity, the position of the new limit might, wader ordinary 
eanditions, be easily determined by representing the per- 
manent elongations graphically ; for, as explained on p. 37, 
the upper parts of the curves for a new series of experiments 
at the same temperature will lie in the continuation of the 
preceding curves. It was therefore supposed, at the com- 
mencement of these experiments, that by taking advantage 
of this circumstance it would be possible to determine with 
suflScient accuracy the dependence of the limit of elasticity 



^ These experiments were iindertakeQ with steel and iron wires, of about 
I inch diameter, which were inserted in the axis of the cylinder h in Carre's 
freezing apparatus, and were fastened by a kind of screw to the lower part of 
the reservoir B, whilst the npper end was feistened to an iron axis. This was 
placed in a brass fastening in the centre of a wooden coyer attached to the 
cylinder 6, and moveable by means of a handle. The cylinder h was for the 
most part filled with spirit daring these experiments. 

It was found that as soon as any part of the silver or iron-wire was above 
the cold spirit, only that part which was less cold became twisted, until the 
wire was finally broken ; but when the iron axis reached the spirit, the wire 
was pretty evenly twisted. By giving the wires a coating of copper on one 
side, it was easy to count the number of times which the wires could be 
twisted for a certain length before being broken. In this manner we tested 
some iron-wire from Lesjöforss and Gunnebo, drawn from very coldnshort iron 
made by the Swedish finery process, containing 0*25% phosphorus, together 
with English cast-steel wire; and it was found that these wires could be 
twisted for a certain length, without breaking, about as many times at a low 
temperature of 22° to 40° Fahr. as at ordinary temperatures. 

These preliminary experiments seemed to show that iron and steel do not, 
as previously imagined, become brittle at low temperatures, but retain as high 
a ductility and tenacity as at ordinary temperatures. 
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on the temperature at which the extension was performed. 
For such a purpose, therefore, the limit of elasticity should 
be determined for each bar, first, at the ordinary tempe- 
rature, and then at a very low or high temperature ; the 
curves of elongation for both series should afterwards be 
traced, and finally that point determined at which the 
tangent to the upper part of the curve of the latter series 
cuts the ordinate of the terminal point of the former, as 
shown by dotted lines in the three first curves on PL VIII., 
for the bar numbered 2 in Table VIII. The length of that 
portion of the ordinate lying between the tangent referred 
to and the end of the preceding curve, would thus mea- 
sure the temporary elevation or depression of the limit of 
elasticity consequent upon the diflerence of temperature at 
the two experiments. In this manner we have found that 
the limit of elasticity in both steel and iron is always higher 
at low temperatures, and in iron is lower at high tempera- 
tures, than when the extension is performed at the ordinary 
temperature ; but that, on the contrary, in hard steel at a 
heat of 266° to 302° Fahr., it is sometimes higher and some- 
times lower. When the limit of elasticity in such steel has 
been found higher at about 284° than at about 59° Fahr., 
and has been again examined at the latter temperature, the 
result has often been somewhat higher than might have 
been anticipated from the experiments at high temperatures.® 
This arose from the fact afterwards observed that when a 
stretched bar is heated, even to so moderate a temperature 
as 266° or 302° Fahr., a change is eflected in the molecular 
condition of the metal, which is retained affcer the heat has 
been removed ; and therefore the limit of elasticity is often 
permanently altered. Since we know that the limit of 
elasticity is lowered in iron and steel by annealing, after 
having been previously raised by tension or other me- 
chanical treatment, it was not expected that a moderate 



' Compare Tab. VIII., bar No. 1, series 7 and 8, with No. 3, series 4 
and 5. 
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heating could raise the limit any further *® Sometimes we 
have even found that the limit of elasticity in stretched bars 
has been perceptibly raised by merely allowing the bar to 
remain at rest for several days after stretching. It has 
previously been stated that the modulus of elasticity in 
stretched bars of iron and steel may also be raised by re- 
maining at rest or by exposure to a moderate heat. The 
metal appears to acquire by this means new strength after 
having suflfered from overstraining. On the other hand it 
has not been found that by cooling to a very low tempera- 
ture, any perceptible fermanenl influence has been exerted 
on the position of the limit of elasticity in iron and steel. 

By determining in this manner the limit of elasticity at 
high temperatures, the temporary influence of the heat has 
not been ascertained distinct from its permanent influence ; 
and therefore the results attained by the method described 
above do not — at least for iron — give any trustworthy 
measure of the temporary change in the limit of elasticity 
by heating. As, however, the subject has been but very 
little investigated, we have considered that the results are of 
sufiBcient importance to merit publication. In Table VIII. 
we have therefore given the results of the experiments with 
reference to the position of the limit of elasticity at very 
low temperatures, as well as those undertaken to determine 
the permanent influence of heating and cooling. Experi- 
ments on the limit of elasticity at diflferent temperatures 
should, however, show, with at least sufficient accuracy for 
practical purposes, by how much the limit is raised in iron 
and steel when stretched at low temperatures, and imthin 
what limits it may vary when stretched at higher tempera- 
tures not exceeding 302° Fahr.^ Some of the experiments 
referred to are represented graphically in PL YIIL 



10 Compare Tab. VIII., bar No. 1, series 2, with No. 6, series 2, and No. 9, 
aeries 7. 

*■ We ought indeed to have been able to examine the variation in the position 
of the limit of elasticity with the temperature, by examining different portions 
of the same bar at different temperatures. We have not, however, had at 
our disposal bars which have been either long or smooth enough for such in- 
vestigations. 



no Experiment an Tension Chap. hi. 



9. Experiments on the Variation of the Modfdua of Elasticity ai 
different Temperatures, 

In our experiments on the variation of the modulus of elas- 
ticity with the temperature, we have, as previously stated 
(pp. 63, 66), first determined, by several experiments at ordi- 
nary temperatures, the differences between the elastic elonga- 
tions when the sample-bar has been successively stretched by 
properly-adapted loads, and have calculated the average of 
these differences corrected by the formula previously given. 
Similar determinations have afterwards been performed at 
low or at high temperatures, ajid been finally renewed at the 
ordinary temperature. If the bar has not been overstretched, 
either previously or during the experiment, the results of 
the tension at ordinary temperatures, as performed before 
and after heating or cooling, have nearly always shown the 
closest agreement ; and we have then taken the average of 
all these, and compared it with the mean result of the ex- 
periments at high or low temperatures. If Ei denote the 
modulus of elasticity at a low or high temperature, and 
Li — L^ the mean value of the corrected difference between 
the elastic elongations obtained with the loads Pj and Po ; 
and if E, L' — L, F and P represent corresponding values by 
tension at the ordinary temperature, then we obtain 

E, _ L^- L Ft - Pq 
E ~ lii - lio ■ F - P * 

or if, as usually happened, 

P.-Po = F-P.then§ = ^. 

The ratio ^ is thus always independent of the section of 

the bar ; and the accuracy with which it may be determined 
depends, when the extending force is alike in all the ex- 
periments, only on the accuracy with which the differences 
between the elastic elongations may be measured. 

If the bar has been overstretched, either before or during 
the experiment, or if it has originally been much bent and 
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then straiglitened when cold, the experiments conducted at 
ordinary temperatures with the same load, after a series of 
experiments at a higher (and sometimes also after those at a 
lower) temperature, present less differences between the 
elastic elongations than are obtained from those which 
precede such a series of experiments. This results from the 
influence, already alluded to, which any great change of 
temperature exerts on overstretched bars ; an influence 
which partially restores the elastic force which is lost by 
overstretching.* 

The results of these experiments, which occupied con- 
siderable time and were attended with great practical dif- 
ficulties, are given in a collected form in Table IX. 

10. Sésmné of BemiUa of Experiment on Tendon aJt differenl 
Temperctkires, 

From these experiments on tension at widely different 
temperatures we have thus found : — 

1. That the absolute strength of iron and steel is not 

diminished by cold, but that even at the lowest 
temperature which ever occurs in Sweden, it is at 
least as great as at the ordinary temperature (about 
60° Fahr.). 

2. That at temperatures between 212'' and 392° Fahr., 

the absolute strength of steel is nearly the same as 
at the ordinary temperature ; but in soft iron it is 
always greater. 

3. That neither in steel nor in iron is the extensibility 



' Before we were aware of this drcnmstanoe we endeayoared to determine 
the dependence of the modulus of elasticity on temperature at the same time 
as we determined that of the limit of elasticity. The results obtained were, 
however, highly discrepant, although we never compared those series of expe- 
riments between which the bar had obtained a permanent elongation. 

From the many experiments performed in this way we have obtained no 
result, beyond becoming acquainted with the variation in the molecular condi- 
tion of stretched bars, and some of the conditions on which this variation is 
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less in severe cold than at the ordinary temperature ; 
but that from 266° to 320° Fahr. it is generally 
diminished, not to any great extent, indeed, in steel, 
but considerably in iron. 

4, That the limit of elasticity in both steel and iron lies 

higher in severe cold ; but that at about 284° Fahr. 
it is lower, at least in iron, than at the ordinary 
temperature. 

5. That the modulus of elasticity in both steel and iron is 

increased on reduction of temperature and diminished 
on elevation of temperature ; but that these variations 
never exceed 0*05% for a change of temperature of 
1*8° Fahr., and therefore such variations, at least for 
ordinary purposes, are of no special importance. 



11. Cavae of frequent Fracture of certain Artides of Iron in severe 

Cold. 

As the results of the experiments given above are evi- 
dently opposed to the opinion hitherto commonly enter- 
tained, viz., that steel and iron become weak or brittle at low 
temperatures, the author may briefly state his opinion of the 
cause why certain articles of steel and iron break, as every- 
body knows, more frequently during the severe cold of 
winter than at other seasons. The cases on which such 
observations are founded are, as far as we know, chiefly those 
in which the objects are fastened in such a manner that they 
are not allowed to contract on reduction of temperature; 
and therefore if they become weakened at any point, as, for 
example, by the passage of a screw or rivet, fracture would 
readily occur, for reasons previously stated (pp. 76, 78), even 
if the articles consisted of tolerably good material. Other 
cases of fracture at low temperatures are presented by those 
objects which are exposed in the open air, and subject to 
constantly-recurring shocks, the intensity of which depends 
essentially on the greater or less rigidity or elasticity of the 
metal. The inconvenient effect of such shocks has been 
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especially observed on railways. During the severe cold of 
winter, not only are the sleepers hard and very slightly 
elastic, but the ground also — ^being often frozen to the 
depth of several feet — gives way but comparatively little,^ 
so that the shocks which occur each time the carriages pass 
over the slightest irregularity must operate, other conditions 
being alike, much more violently in winter than at other 
seasons ; and the drain consequently becomes considerably 
greater, not only on the rails, but also on the axles and 
wheels, and notably on the tyres, since these receive the 
shocks direct. It is thus evident that it is the tyres which 
during severe cold are most exposed to danger of being 
fractured. 

The evU effects of a low temperature on railway traflSc 
can, therefore, be prevented or diminished only by such 
means as tend to lessen the violence of the shocks to which 



3 It might be supposed that the greater or less elasticity of the ground is 
dependent, other conditions being alike, solely upon the depth to which it 
may be frozen, and is in no way affected by the number of degrees that the tem- 
perature may fall below the freezing point. Such a supposition is, however, 
contradicted by experience, which shows that the fracture, for example, of 
railway tyres and axles, usually occurs when the cold is most severe. 

In order to determine how the elasticity of damp wood is affected by tem- 
peratures below 32° Fahr., a square rod of fir-wood, 4-3 feet long and about 
0*625 inch thick, was kept in water until, as subsequent examination showed, 
it had absorbed about 50% of liquid. It was then coated with sheet gutta- 
percha to prevent absorption when the bar was immersed in spirit. To ascer- 
tain the amount of deflection which it suffered by the same load when exposed to 
different degrees of low temperature, the bar was introduced into the apparatus 
figured in Plate VII., to be afterwards described. In consequence of the low 
conducting power of wood for heat, the temperature of the interior of the bar 
could not be changed so rapidly as that of the spirit surrounding it ; and as it 
could not be determined by an ordinary thermometer, a thermo-electric arrange- 
ment was employed, consisting of a pair of iron and German silver wires sol- 
dered together and inserted into the middle of the bar. If the amoimt of 
deflection by a certain load at 35° Fahr. be taken as 100, then it becomes at 
29° =97*5; at 25° =95; at 2°F. = 88; and is thus in the last case dimi- 
nished 12%. 

This experiment shows that damp timber at very low temperatures yields to 
a considerably less extent than when the temperature is only a few degrees 
below 32° ; and probably the same is the case with the frozen ground. Bee 
Remarhs of the Translator in the Appendix. 

I 
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the material is exposed ; such, of course, as slackened speed 
of trains, and all means by which the rolling-stock receives 
greater elasticity.* 

It has been found that axles and other iron articles, which 
have been tested by allowing a weight to fall upon them 
when laid on two supports, have resisted a smaller number 
of blows, or blows of less force, during severe cold than 
under other circumstances ; and hence it has generally been 
concluded that iron is weaker or more brittle at low than 
at ordinary temperatures. It would appear, however, that 
in such experiments no allowance has been made for the 
influence of the hard frozen ground on which the supports 
rested, or for the special manner in which their greater or 
less solidity would affect the resistance offered by the given 
object.*^ 

* See the remarks of the Translator in the Appendix. 

* Noteby TranslcUor, — ^FuUy aware of the great care and accuracy with which 
these experiments were performed, the translator cannot entertain the slightest 
doubt as to the correctness of the numerical results obtained, or the validity 
of the conclusion drawn from them as expressed on p. Ill, namely, that the 
absolute strength of iron and steel is not diminished by the influence of cold 
on the metal itself tolien tested hy stretcMng. But when the author, as on 
p. 112, practically applies this new theory to the case of railway materials 
— such as axles, tyres, and rails,— which he admits are exposed to &2otc8, and 
not to the action of a dead weight, and refers to the dififerenoe of elasticity 
in the supports (sleepers) at different seasons as the sole reason why such ma- 
terials break more readily in winter than in summer, then the translator can 
by no means agree with him. On this subject the author was consulted, but 
as he still persisted that frost could have no effect on iron in its resistance to 
blows, provided that the elasticity of the supports remained constant, it be- 
came the duty of the translator, as an Inspector of railway materials for the 
Swedish Government, to ascertain the real position of the case by experiments 
of a practical nature. Accordingly, the State Railway Administration having 
consented, and the author having been consulted, experiments were conducted 
by the translator at Stockholm in the winter and summer of 1867. Iron rails 
were supported on blocks of granite, which in their turn rested on a solid 
granite rock, and the rails having been broken into halves were then tested by 
the fall of a heavy ball— one half of each rail being examined in winter at 
10° F., and the other half in summer ät 84° P. The rtisults of these experi- 
ments showed that in the former case a rail would not sustain much more 
than one-fourth of the blow which it resisted at the latter temperature. 

For the details of these experiments the translator must refer the reader to 
the Appendix. 
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OHAPTEE IV. 

EXPEMMENTS ON FlEXION AT DIFFEBEITT DeOBEES OP TeMPEKATUBB. 

1. lutrodnction. — 2. Description of the apparatus used la experiments on 
flexion. — 3. Experiments on the different degrees of stifihess in iron on 
flexion at different temperatures. — 4. Determination of the modulus of 
elasticity on flexion. — 5. Means by which the value of the modulus may 
be altered. — 6. Experiments on the influence of temperature on the 
modulus on flexion. — 7. Resumé' of results. 

1. Introduction. 

As it was found, from the experiments previously described, 
that the modulus of elasticity on tension is nearly alike in 
steel and iron of the same specific gravity, but that it id- 
creases as the temperature falls, and diminishes as the 
temperature rises, it was considered interesting to examine 
the influence which these conditions would exert on flexion ; 
because the elastic deflections may be much greater than 
the elastic elongations at tension, and therefore the former 
admit of measurement with greater accuracy. 

2. Description of Apparatus used in Eaperiments on Flexion, 

For this purpose we have constructed the apparatus re- 
presented in figs. 5 to 10, PL VII. Fig, 5 shows a front 
view, fig. 6 a vertical-longitudinal section through the 
middle of the apparatus, fig. 7 is a plan, and the remaining 
figures are transverse sections ; fig. 8 being taken across the 
line XT, and fig. 9 across U V, in fig. 5, both sections show- 
ing the parts behind ; whilst fig. 10 is a section across the 
liue W Z in fig. 7. In using 4;his apparatus the sample-bar 
is enclosed in the brass tube a, which is about 4*3 feet long, 
and has a sectional form shown in figs. 8, 9, and 10. In the 
lower part of each extremity of this tube is inserted the end 
of a smaller pipe J, furnished near the middle with a shorter 

I 2 
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tube Ö at a right angle. During experiments on flexion at 
low temperatiu'es, this tube c is connected with the lower 
part of Carre's freezing apparatus, as previously described in 
experiments on tensile strength. The stream of cold spirit 
entering by c is afterwards divided into two currents, which 
enter a near its two extremities, and return to the freezing 
apparatus through a short tube d, leading from the upper 
side of a. On the contrary, in experiments on flexion at 
high temperatures, the tubes c and å are connected by means 
of stout india-rubber tubing with the tubes a and t in fig. 4, 
PI. VI. The apparatus is then filled with hot paraffine, 
which, by means of the pumping arrangement, is forced to 
circulate through the apparatus, and is heated in the 
reservoir A. At the ends of a are fitted two short tubes e, c, 
through which the sample-bar is introduced. These are 
secured by thin caoutchouc tubing, as shown in figs. 5 and 7, 
which is fitted in such a way that the position of the bar 
may be regulated without emptying the apparatus. Strong 
iron bars, /,/, pass through the sides of the tube a near its 
extremities, and these bars are filed in the middle so that 
they present prismatic edges on which the sample-bar (A) 
rests during the experiment, as shown in fig. 6. The flexure 
of the bar is effected by an iron hoop Ä, in the upper part of 
which the steel bar i is securely fastened by a screw and nut. 
This bar % which terminates below in an edge, is formed as 
shown in fig, 9, and during the experiment rests on the 
centre of the sample-bar between its two supports. It is 
capable of moving freely up and down in the tube ^, which 
rests on the upper part of a. At its lower end, the hoop Ä is 
furnished with a hook Ä;, from which is suspended a scale- 
pan for the reception of weights. To the upper part of the 
bar i is soldered a small silver scale, whose vertical middle 
line coincides with the axis of the bar i. The position of 
the hook Ä;, supporting the scale-pan, should also be in the 
axis of the bar i produced. - 

A fine cord attached to the upper end of this small silver 
scale serves to attach the hoop Ä, during the experiment, to 
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one arm of a small balance placed above, from the other arm 
of which is suspended a scale-pan. By means of suitable 
weights placed in this scale, and on that which hangs from 
the hook A, the bar i may always be maintained in a vertical 
position, and the hoop Ä with its appurtenances may be 
counterpoised at pleasure. The weights have usually been 
so adjusted that an additional weight of 2 lbs. produced 
pressure on the bar. The descent of the bar by a weight 
was measured by a cathetometer, by which a difference of 
^ of millimetre could be read off. It is evident that both 
the apparatus in which the sample-bar is enclosed, and the 
cathetometer, must rest on perfectly solid supports. On 
the upper side of a is soldered a small iron bar m, the upper 
end of which carries a delicate index-scale, from which it 
may be observed by the cathetometer whether the support 
of the sample-bar has been perceptibly shaken or displaced 
between different operations. During the experiments thin 
india-rubber tubing is bound round the tube ^, and tightened 
when the pump in the cooling apparatus or in the paraffine 
reservoir is actively worked, but is loosened when observa- 
tions are to be made with the cathetometer. The tubes w, w, 
serve to receive thermometers. Under the scale-pan, sus- 
pended from the hook 4, is placed a small round platform, 
which may be raised or lowered by means of a screw, so that 
the load may be applied without concussion. 

In experiments at high and low temperatures this appa- 
ratus, like that used in researches on tension, has of course 
been surrounded by a coating of some badly-conducting 
material. 

3. Eayperiments on the different Degrees of Stiffness in Iron on 
Flexion at different Temperatures. 

Although the apparatus just described was constructed 
chiefly for the determinatioil of the modulus of elasticity, it 
has been also used in some few experiments on variations in 
the stiffness of iron at different temperatures. In conse- 
quence of the small depth of the apparatus, the bars in these 
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experiments could obtain only a small permanent deflection, 
and therefore it has not been deemed necessary to give the 
details of these experiments. It will suflBce then to state 
that iron on flexion was found to be stifler in cold than at 
the ordinary temperature, and that the stiffness decreases as 
the temperature rises. 

4. Determination of the Modulu8 of Elasticity on Flexion. 

In the determination of the value of the modulus of 
elasticity on flexion, we have made use of some of the bars 
previously tested by stretching, as noticed in Table IX., 
whenever these bars have been cut to the requisite length of 
4-3 feet ; a length which they must possess in order to be 
enclosed in the apparatus shown in figs. 6 to 10, PI. VIL 
Certain other bars have also been tested in these experi- 
ments, and all have been filed even with great care. 

In these researches it is of even more importance than in 
the determination of the modulus of elasticity by tension, 
that the sectional area of the bar, and especially its height, 
be uniform and accurately measured. Hence, in these ex- 
periments, the dimensions of the sectional area have been 
taken by means of the screw-measure at every other inch. 
Indeed, the third power of the height enters into the formula 
for calculation of the modulus of elasticity. For perfectly 
regular bars with a rectangular section, the free ends of 
which rest on two edges in the apparatus, when the loads 
are ai)plied to the middle of the bars, the formula for the 
modulus of elasticity becomes 

V - -Zi!_ 

where P is the load on the middle of the bar, I the distance 
between the edges, I the breadth of the bar, h its height, 
and/ the deflection of the loaded bar. It was not possible 
to determine accurately the position of the bar within the 
apparatus when slightly loaded, but only to measure the 
difference between the deflections with two different loads. 
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If the difference between these loads be denoted by jp, and 
the difference between the corresponding deflections by d, 
and if we substitute for I the actual length between the 
edges in our apparatus, which was 46*5 inches, then the 
formula we employed becomes 

p, _ ^ 16,000,000 

The results given in Table X. show (among other things) 
that in one and the same bar the modulus of elasticity on 
flexion has in general nearly the same value as that deter- 
mined by stretching. In a note on p. 61 it has been already 
stated that perfect accordance between the moduli of elasticity 
on flexion and traction can be expected only under certain 
conditions. Moreover, it should not be forgotten that if the 
material throughout the sample-bar be not uniform, the 
relative position of the differently-constituted portions has no 
'influence on the amount of the elastic elongations obtained by 
extension ; but that at flexion, on the contrary, the quality of 
the material in the middle of the sample-bar more than 
at any other part affects the extent of the elastic deflections. 

5. TULeaik» by which the Value of the Modulus of Elasticity may he 
Altered, 

In experiments on flexion, as in those on extension, we 
have had opportunity to observe how the elastic force in 
one and the same bar may vary according to the treatment 
which the bar may have received. By permanent deflection 
the modulus is diminished; by moderate heating it is 
partially restored; and by a red heat it is raised to a 
maximum. By small permanent deflections caused by loads 
acting on the middle of the bar, the modulus of elasticity is 
slightly diminished ; for by a load applied in this way the 
bar is bent only in the middle, the other parts remaining 
unchanged. But, on the other hand, if the bar by any means 
be bent throughout its entire length, so that a change is 
effected in the molecular condition of the whole, or at least 
the greater part of the bar, then the diminution of the 
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modulus of elasticity may amount to several units per cent., 
as foimd from experiments with the bar numbered 13 in 
Table X. 

In order to show more exactly what influence moderate 
heating exerts on the elastic force of a bar which has re- 
ceived a permanent deflection, we may refer, by way of 
example, to certain experiments made with the bar No. 1 in 
Table X. 

When the hoop Ä with its appurtenances had been counter- 
poised, as previously explained, a weight of 70 lbs. was 
placed in the scale-pan under the hoop, and the depression 
of the silver scale Z, fastened to the upper part of the bar i 
(figs. 5, 6, and 9, PL VII.), was determined by means of the 
cathetometer. With this difiference between the loads, or 
70 lbs., it was found that the difierence å between the de- 
flections was on an average 23-65 millimetres. When the 
same bar was curved upwards at the middle about f inch, 
and afterwards straightened, å was found to be increased 
to 24'415 millimetres with the same load, reckoned as the 
mean of several experiments. The bar was then heated for 
about half-an-hour in a paraflSne bath at 257° Fahr., and 
was afterwards slowly cooled, when with the same load i 
was only 24*030 millimetres. By the violent treatment 
which the bar had sufiered previous to heating, its elastic 
force had thus been diminished 3*1%, and only about one-half 
of this loss had been restored by heating. 

With regard to the efiect of annealing on the elastic force 
of steel and iron, it is suflBcient to refer to Table X. 

In order to determine the influence of hardening on the 
elastic force in steel, the sample-bar was examined first when 
it had been heated, then after hardening, and again when 
the hardening by heat had been jieutralized. To compare 
the modulus of elasticity in a bar which had not been heated 
with the modulus in the same bar after having been hard- 
ened, would throw but little light on the effect of hardening. 
For the bar, in order to be hardened, must first be heated, 
and it would not, therefore, be possible to determine in ex- 
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periments on hardened bars whether the alteration in elastic 
force should be attributed to the hardening or to the heatings 
or in what manner it should be distributed between them. 

6. jEki^[>eriment8 on the Influence of Temperature on the Modulus of 
Elasticity on Flexion. 

In all experiments referring to the influence of tempera- 
ture on the modulus of elasticity, the bars have been tested 
first at the ordinary temperature, then at the higher or lower 
temperature, and finally again under ordinary conditions. 
If both series of experiments at the ordinary temperature 
agree in their results, it is evident that the change of tempe- 
rature has not permanently altered the elastic force of the 
bar, but that the difiTerences observed between the deflections 
at a high or a low temperature and at the ordinary tempe- 
rature have, therefore, arisen only from the differences in 
the thermometric conditions during the experiment. 

If El and E^ denote the values of the modulus of elasticity 
at two different temperatures t^ and t^^ and if d^ and d^ de- 
note the measured differences of deflection with the same 
load, and a the linear coefficient of expansion of the material 
in the tube a, then we obtain with sufficient ÉU^curacy the 

E 

value of the ratio =r-, thus : — 

On the cooling of our apparatus from 59° Fahr. to — 4° 
Fahr., we have found the mean value of a = 0*000013, and 
on heating from 59° Fahr. to 266° Fahr. a = 000002. 

The results obtained are given in Table X.' In these 
calculations no correction has been made for change of 



^ The manner in which the elastic force is dependent on temperature has 
also been examined by Enpffer by means of transverse vibrations. His ex- 
periments were undertaken on certain kinds of iron and steel between 59° and 
2^ Fahr. ; and also on a Swedish and an English iron at about 212° Fahr. 
According to his results, the coefficient denoted by us /3„ which indicates the 
percentage value of this relation, should for a change of temperature of 1*8° Fahr. 
= 0*019 to 0028 for steel, and =0*028 to 0*036 for iron. 
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dimensions consequent upon change of temperature ; for the 
measurement of the dimensions is generally taken at tempe- 
ratures between 32^ Fahr. and 68° Fahr., and the applica- 
tion of the results to particular cases would therefore have 
been more difiScult with this correction. If a comparison be 
instituted between the influence of temperiature on the 
elastic force at flexion and at traction, or in other words 
between the values of the coefficients /8 and /8i, given in 
Tables IX. and X., the correction referred to should in 
strictness be made in both cases, although /8 is only increased 
thereby about 0*001, and /8, 0-004. 

7. Bésomé of Bemlts of Experiments on Flex on. 

The results of all these experiments on flexion may be 
thus briefly summed up : — 

1. Iron sustains at low temperatures a greater and at high 

temperatures a smaller load than at the ordinary, 
temperature, before it obtains any perceptible per- 
manent deflection. 

2. The modulus of elasticity for steel and iron on flexion 

may, for practical purposes and without committing 
any considerable error, be generally assumed equal to 
that on traction. It is diminished by permanent de- 
flection, but may be restored by heating, especially if 
raised to a red heat. 

3. By hardening steel, its modulus of elasticity is dimi- 

nished ; but this diminution has not, in any of the 
hardened bars examined, amoimted to more than 
about 3%. 

4. The elastic force of steel and iron on flexion, as on 

traction, is increased on reduction of temperature 
and diminished on elevation of temperature. The 
amoimt of this increase or decrease for a change of 
temperature equal to 1*8° Fahr. (1° Centigrade) does 
not, however, in general amount to more than 0*03%, 
and apparently never rises to O'C 



TABLES 
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Results of Experiments on Tension. 



Table I. — Besults of Experiments on the Tensile Stbength 

at a temperature 



Observer. 


il 

8 


II 


Section 
as to 


Load 

applied 

per Bq. in. 

of mean 


Weight 
laid on 

persq. in. 
at the 
limit of 

elasticity 
after 


Weight 
per sq. In. 

at the 

TnMirifiinTn 










Form. 


Mean 
area. 


area. 


Wertheim's 
. definition. 


corvature.^ 




- 


- 


- 


Bq. in. 


lbs. 


lbs. 


lbs. 


Thalén .. .. 


I* 


N.H.I 


Square. 


0-2343 


11,116 


32,868 


41,172 


Cronstrand 


3* 


1 f 


Round. 


0-I934 


•— 


— 


43,916 


Thalén .. .. 


3* 


N.P.I 


Square. 


o'23i6 


12,214 


45,289 


56,954 


Cronstrand . . 


4* 


• t 


Round. 


0-1913 


— 


— 


57.640 


Thalén .. .. 


5 


N. I 


Square. 


0-2328 


11,185 


37,123 


39,799 


»( 


6 


» » 


» » 


0-2353 


— 


— 


38.427 


• t •• •• 


t 


B. I 


» > 


0-2332 


11,185 


37,054 


41,858 


t» 


8* 


f » 


Round. 


0-1952 


13,312 


27.585 


43, 916 


Orunstrand . . 


9* 


t f 


> » 


0-1940 


— 


— 


43,916 


Thalén .. .. 


10 


P. I 


Square. 


0-2328 


11,116 


37,054 


41,858 


»t •• •• 


11 


» » 


» > 


0-2351 


•— 


~ 


39, "3 


» * •• .• 


13 


G. I 


* t 


0-2324 


11,116 


37,054 


39,799 


»t •• •• 


13* 


» > 


Round. 


0-1899 


13,724 


40.554 


43,230 


t > •• •• 


14* 


N.H.2 


Square. 


0-2362 


10,979 


30,673 


38,427 


1 1 •• 


15* 


» » 


» t 


0-2367 


— 


— 


36,368 


Cronstrand .. 


i6 


t » 


Round. 


0-1925 


— 


— 


41.172 


Thalén .. .. 


17* 


N.P.2 


Square. 


0-2367 


10,979 


32,535 


43,230 


> » .. .. 


i8 


» » 


* » 


0-2343 


— 


— 


45,975 


Cronstrand .. 


19 


» » 


Round. 


0-1940 


— 


— 


45,289 


Thalén .. .. 


20* 


N. 2 


Square. 


0-2336 


ir,ii6 


33,006 


37.741 


t t •• •• 


21* 


1 1 


• » 


0-2328 


— 


. — 


34,996 


Cronstrand . . 


22 


> » 


Round. 


0-1913 


— 


— 


39,113 


Thalén .. .. 


23* 


B. 2 


Square. 


0-2324 


11,185 


29,163 


39,799 


» » •• •• 


H* 


> » 


Round. 


0-1846 


10,293 


29,094 


41.172 


» » .. .. 


25 


P. 2 


Square. 


0-2324 


11,185 


27,173 


39,799 


1 » •• •• 


26* 


» » 


Round. 


0-1913 


16,949 


34,378 


41,172 


» » •• 


27 


» t 


>i 


0-1949 


— 


— 


41.858 


» » .... 


28 


G. 2 


Square. 


0-2399 


10,841 


34,035 


43,230 


t » •• •• 


29* 


N.H.3 


> » 


0-2362 


7,067 


30.673 


34,996 


Cronstrand . . 


30 


- 


Round, 


0-1899 


~ 


— 


37,054 



1 What is meant by maximum curvature is explained p. 17. Comp. pp. 27, 28, and 33. 

> The elongation on the foot-division at which the ftacture occurred is not reckoned. Ck>mp. note on p. 16. 

3 Comp. p. 10. 
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of Puddled Steel and Paddled Iron from Snrahammar (Sweden) 
of about 60° Fahr. 



Breaking 
weight 
per sq. in. 
on original 
mean area. 


Section 

at 
firacture. 


Breaking 
weight 
pcTBq.in, 
on section 
of fractare. 


Batio 

between the 

loads at 

fimctnre 

and at 

maximnm 

corvature. 


Ratio 
between the 

area of 
tracture 

and 
original 

area. 


Elongation 

after 
mptore.' 


Number 

of clamps 

used in 

the 
experi- 
ment.* 


lbs. 


tons.s 


sq. in- 


lbs. 


- 


- 


percent 


- 


85.187 


38-02 


0-1613 


117,065 


2-07 


0-73 


6-06 


— 


86,804 


38-75 


— 


— 


1-98 


— 


7*37 


— 


98,538 


43*99 


0-1562 


146,023 


1*73 


0-67 


3-0O 


— 


111,987 


49*99 


— 


— 


1-94 


— 


8-98 


2 


85 , 706 


38-26 


— 


_- 


2-15 


— 


7*20 


2 


76,854 


34'3o 


— 


— 


2-00 


— 


10-87 


2 


88,725 


39-60 


0-1752 


118,095 


2-12 


0-75 


4-56 


— 


85,021 


37*95 


0-1376 


120,633 


1-93 


0-70 


3*85 


— 


89.411 


39*91 


0-1784 


97.234 


2-03 


0-92 


5*98 


I 


^ 93,666 


4i*8i 


0-1722 


126,603 


2-24 


0-74 


6-95 


— 


80,302 


35-84 


— 


— 


2-07 


— 


5*99 


I 


85.843 


38-32 


0-1800 


110,752 


2*15 


0-77 


5*65 


2 


79.599 


35-71 


0-1264 


119,604 


1-84 


0-66 


4-83 


— 


79.736 


35*59 


o-i6o8 


117,065 


2*07 


0-68 


8-23 


— 


74,795 


33*39 


— 


— 


2 -06 


— 


5*71 


— 


81,583 


36-42 


0-1376 


113,840 


1-97 


0-71 


11-74 


2 


87.078 


38-87 


0-1656 


120,408 


2-OI 


0-70 


5*63 


— 


98,606 


44-02 


0-200I 


115,281 


2-14 


0-85 


8-30 


2 


97,097 


43*79 


0-1492 


126,192 


2-14 


0-77 


8-70 


2 


76,648 


34*21 


O-I95I 


91,676 


2-17 


0-83 


6-70 


— 


76.854 


34*30 


0-1851 


96,754 


2 -20 


0-79 


8-01 


— 


78,072 


34*85 


0-1453 


102,724 


2-00 


0-76 


9*36 


2 


84,196 


37*58 


0-1579 


123,721 


2-ir 


0-68 


8-91 


I 


75,815 


33*84 


0-1030 


110,546 


1-89 


0-70 


3*98 


— 


85,021 


37*95 


o-i6o8 


122,829 


2-14 


0-69 


6-47 


— 


75,T38 


33*54 


— 


— . 


1-82 


— 


4-o8 


— 


86,118 


38-44 


0-1030 


129,074 


2-06 


0-66 


9-62 


I 


82,344 


36-76 


0-1603 


116,036 


1-90 


0-71 


13-42 


2 


73,080 


32-62 


— 


~ 


2-07 


— 


14-74 


— 


7.2,737 


32*47 


0-1191 


115,967 


1-96 


0*62 


17*95 


I 



4 The bars have broken outside the 5-feet division. Oomp. pp. 39 and 40. 

» (In the original tables this is expressed in pownåM only. It was, however, thought desirable In these 
tables to give, in addition, the breaking weight per sq. inch on original mean area in ton<.— 7Vti77s2ator.) 
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Table I. {cantinneå). — Bisults of Ezpebiments on the Tbnsilb Strength 

at a temperatnre 



Obaerver. 


ål 


Descrip- 
tion of 
Btwlor 


Section 
as to 


Load 

applied 

parsq-in. 

of mean 


limit of 

elasticity 

after 


Weight 

persq. in. 

at the 








mazimnm 




iron. 


Fona. 


Mean 
area. 


area. 


Wertheim'B 
definition. 


carvatare.1 




- 


- 


- 


Bq. in. 


Ibfl. 


11». 


lbs. 


Thalén .. .. 


31* 


N.P.3 


Square. 


0-2362 


7.067 


33.555 


34.310 


Gronstrand . . 


32 


• • 


Bonnd. 


0-1952 


— 


— 


37,741 


Thalen .. .. 


33* 


N. 3 


Square. 


0-2392 


10,841 


25.520 


36,368 


> f •• •• 


34* 


• • 


Bound. 


0-1903 


13 »380 


36,780 


38,427 


, 


35 


» 1 


» » 


0-1879 


17.086 


36,368 


37.054 


( > •• •• 


36* 


B.J 


Square. 


0-23.51 


11,047 


30,810 


37.741 


t ( •• •• 


37* 


• * 


Bound. 


0-I937 


9,949 


24,360 


37.054 


Gronstrand .. 


38 


» » 


» » 


0-1906 


— 


— 


39,"3 


» » •• 


39 


P. 3 


» » 


0-1899 


10, 155 


23.879 


33,623 


» » •• 


40 


,, 


» • 


0-1956 


— ■ 


— 


34,996 


Thalén .. .. 


41* 


G.3 


Square. 


0-2328 


11,116 


31,084 


41,172 


t » •• •• 


42* 


» » 


> » 


0-2344 


— 


— 


40,485 


Oionstrand 


43 


» » 


Bound. 


0-I937 


— 


— 


41,858 


Thalén .. .. 


44 


N.H-iron 


Square. 


0-2336 


11,116 


26,006 


29,506 


11 


45 


> • 


Bound. 


0-1928 


13,449 


26,967 


30,192 


Gronstrand .. 


46 


• > 


, , 


0-1952 


— 


— 


28,820 


Thalén .. .. 


47 


N.P-iron 


* • 


0-1921 


— 


— 


28,820 


» > •• •• 


48 


> > 


» » 


0-1930 


13,449 


22.095 


30,879 


I « •• •• 


49 


N-iron 


Square. 


0-2362 


11,047 


26,761 


29,506 


>• 


50 


»» 


Bound. 


0-1906 


9.675 


31,565 


33,623 


Gronstrand 


51 


» > 


• f 


0-1915 


— 


— 


34,310 


Thalén .. .. 


52 


B-iron 


Square. 


0-2386 


10,979 


27,722 


30,879 


» > .» .• 


53 


» » 


Bound. 


0-1899 


9,6/5 


21,889 


33,623 


» » •• •• 


54 


P-iron 


Square. 


0-2378 


10,910 


27,516 


28,134 


)> 


55 


) f 


» » 


0-2367 


— 


— 


29.506 


*> 


56 


, , 


Bound. 


0-1913 


— 


— ■ 


30,879 


• » •• •• 


57 


» » 


,, 


0-1918 


11,087 


27,036 


30,879 


t * .. .. 


58 


G-iron 


Square. 


0-2339 


5,146 


26,967 


30,879 


It 


59 


» » 


» » 


0-1915 


11,087 


31.908 


32,937 



1 What is meant by maximum curvature is explained p. lY. Oomp. pp. 2Y, 28, and S3. 

* The elongation on the foot-division at which the fracture occurred is not reckoned. Oomp. note on p. 16. 

« Comp. p. 10. 
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of Paddled Steel and Paddled Iron from Surahammor (Sweden) 
ofaboat 60°Falir. 



Breaktng 
weight 


Section 


Breaking 
weight 


Ratio 

between the 

loads at 


Ratio 

between the 

area of 


Elongation 


Number 

of clamps 

used in 

the 


peraq 


.in. 


at 


per sq. in. 


fracture 


fracture 


after 


on original 
mean area. 


fractnre. 


of fracture. 


and at 
maximum 
curvature. 


and 

original 

area. 


rupture.* 


experi- 
ment.* 


lbs. 


tons.» 


Bq. in. 


lbs. 


- 


- 


per cent 


- 


66,767 


29-80 


0-1358 


116,036 


1-94 


0.57 


10-63 


— 


68,894 


30-75 


0*1087 


123.721 


1-82 


0-55 


17-82 


I 


68,208 


30*31 


0-1384 


117,889 


1-88 


0-57 


I2-II 


— 


71,639 


31-98 


0-1087 


125,437 


i'86 


0-57 


11-31 


_- 


72,531 


32-38 


0'ii56 


117,889 


1-96 


o-6i 


14*40 


_ 


80,079 


35-74 


0-1675 


112,399 


2-12 


0-71 


7-93 


— 


72,256 


32*25 


O-IIOI 


110,752 


2-13 


0-65 


6-42 


— 


79.324 


35-41 


0-1030 


116,242 


2-03 


o-6i 


IO-22 


_ 


62,993 


28*12 


0-II35 


106,566 


1-87 


0-59 


18-23 


r 


» 61,140 


27-29 


0-1227 


97.440 


1*75 


0-62 


14-57 


— 


86,461 


38-59 


0-1752 


114,869 


2-10 


0-75 


6-03 


— 


73.766 


32-93 


— 


— 


1-82 


— 


5-97 


— 


86,667 


38-69 


0-1453 


"5,555 


2-07 


0-75 


11-34 


2 


47.622 


21-27 


0-1060 


104,988 


i-6i 


0-45 


22-04 


— 


49.543 


22TI 


0-0862 


110,684 


1-64 


0-44 


22-85 


— 


48,926 


21-84 


0-0862 


110,684 


1-70 


0-44 


17-29 


— 


46,318 


20-67 


0-0862 


103,135 


i-6i 


0-4^ 


18-15 


— 


45,632 


20-37 


0-0832 


105,674 


1-48 


0-43 


21-82 


— 


52,219 


23-31 


0-0985 


125,094 


1*77 


0-41 


21-36 


— 


52,013 


23-22 


0-0862 


115,007 


J-55 


0-45 


18-20 


— 


53.729 


23-98 


0-0955 


107,664 


1-56 


0-50 


19-09 




48.926 


21-84 


0-0985 


118,506 


1-58 


0-41 


21-87 




50,229 


22-42 


0-0832 


114.595 


1-49 


0-43 


21-30 


— 


46.798 


20-89 


0-0913 


121,731 


1-66 


0-38 


19-85 


— 


45,838 


20-40 


0-0892 


121,526 


1-55 


0-37 


16-45 


— 


49,886 


22-26 


— 


— 


1-62 


— 


20-69 


— 


43,710 


19-51 


0-0463 


122,898 


1*55 


0-39 


22-50 


— 


50,298 


22-45 


0-0949 


124,064 


1-63 


0-40 


17-34 


— 


51,739 


23*09 


0-0862 


114,938 


1-57 


0-45 


19-12 


— 



4 The bars have broken outside the 5-feet division. Comp. pp. 39 and 40. 

A (In the original tables this is expressed in pawndi only, it was, however, thought desirable in these 
tables to give, in addition, the breaking weight per square inch on original mean area in toiw.— JVanAitor.) 
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Table II. — ^Aybbaob Besults obtained bj rapture of 130 bars of Paddled Steel 
94 were tested by Thalén, 21 by Angstrom, and 15 by Cronstrand. 





SQUARE BARS. 




No. 


Elongation 


Breaking weight 


Breaking 
weight per 


Deicription of Steel or Iron. 


oflMn 
experi- 
mented 

upon. 


by 
roptnre.* 


per square inch on 

the original mean 

area. 


sqaare inch 
on the 
section 

of fractnre. 




per cent. 


lbs. 


tons. 


lbs. 


Hard paddled steel, marked N H i .. .. 




lO'OI 


85,020 


37*95 


118,026 


.. NPi .. .. 




3-91 


105.331 


47*02 


140,671 


Ni .. .. 




7-76 


84,647 


37-78 


104,919 


Bi .. .. 




3-25 


87,559 


39*o8 


131,681 


Pi .. .. 




6-13 


87,216 


38-93 


127.152 


Gi .. .. 




6-13 


85.363 


38*10 


111,233 


Average . . 


•• 


6'2o 


89,189 


39*81 


122,240 


Middling hard puddled steel, marked N H i 




6-27 


77.677 


34-67 


121,251 


NP2 




5-55 


86,118 


38*44 


118,095 


N2 




7-58 


77.952 


34-80 


107,321 


B2 




5-48 


84,402 


37-67 


116,654 


P2 




7-40 


74.384 


33-20 


112,948 


G2 




9'59 


83,236 


37-15 


117. 751 


Average . . 


.. 


6-98 


80,628 


35-99 


115,670 


Soft puddled steel, marked N H 3 . . . . 




10*40 


72,188 


32-22 


110,684 


., NP3 .. .. 




Ji-59 


66,081 


29-50 


"3.634 


N3 .. .. 




11-44 


69.923 


31-21 


113,497 


B3 .. .. 




7-18 


79.867 


35-65 


112,536 


P3 .. .. 




14*76 


61,689 


27-54 


110,340 


G3 .. .. 




7-24 


77,883 


34-76 


114,869 


Average .. 


•. 


io'43 


70,272 


31*81 


112,593 


Paddled iron, marked N H 




22-42 


47.279 


31*01 


110,066 


., NP 




21*76 


45.014 


20*09 


113.634 


N 




21*10 


51,876 


23*15 


126,947 


B 




21*10 


47,896 


21*38 


124,476 


P 




18*90 


47,416 


21*16 


123,035 


G 




16*87 


50,435 


22*51 


126,466 


Average . . 


•• 


20*36 


48,319 


21*55 


120,770 



* The elongation on that foot division at which fracture took place is not taken into aoconnt Compare Note, 
page 16. 



of Steel and Iron frön Surahammar, 



lig 



and Iron from Snrahammar (Sweden), including those in Table L Of these bars 
All experiments made at a temperature of about 60^ Fahrenheit. 





ROUND BARS. 


Descriptioii of Steel or Iron. 


No. 
of bars 

mented 
upon. 


Elongation. 

by 

rupture.* 


Breaking weight 

per sqoare inch on 

the original mean 

area. 


Breaking 
weight per 
square inch 

offhtcture. 




per cent. 


lbs. 


tons. 


lbs. 


Hard puddled steel, marked N H i .. .. 




4-9B 


84,647 


37-78 


120,290 


.. NPi .. .. 




4-58 


104,714 


46-74 


142,660 


Ni .. .. 




6-6i 


78,158 


34-89 


"2.399 


Bi .. .. 




4-41 


88.451 


39-48 


114.115 


Pi .. .. 




9*47 


73,629 


32-87 


122,143 


Gi .. .. 




6-33 


81.795 


36-51 


"5,437 


Average . . 


•• 


6 -06 


85,232 


38-04 


122,840 


Middling hard puddled steel, marked N H 2 




6-95 


83,922 


37-47 


116,928 


.. NP3 




5*57 


93,803 


41-87 


132,093 


N2 




8*92 


77.471 


34-58 


112,948 


B2 




5-36 


82.618 


36-88 


114,526 


Pa 




6-23 


79.530 


35-50 


115.967 


Ö2 




7-69 


77.883 


34-76 


104,302 


Average .. 




6-79 


82.571 


36-84 


116. 127 


Soft puddled steel, marked N H 3 . • • • 




15-32 


73,080 


32-62 


106,841 


,, NP3 . .. 




14-56 


67.384 


30-08 


121,526 


N3 .. .. 




12-74 


72,256 


32-25 


121,663 


B3 .. .. 




6-86 


74.246 


33-14 


"3,497 


P3 .. .. 




15*57 


62,512 


2T<iO 


96.205 


G3 .. .. 




9-50 


86,323 


38-53 


115.487 


Average . . 


•• 


12-43 


72,633 


32-42 


112,536 


Puddled iron, marked N H 




i9'75 


48,926 


21-84 


106,429 


,, NP 




19-98 


45.975 


20'<^2 


104,371 


N 




19-25 


53.249 


23-77 


"4,595 


B 




17*73 


48,651 


21-71 


127,152 


P 




19-87 


49.475 


22'08 


124,059 


G .. .. .. 




19-48 


49,100 


21-91 


'"1,507 


Average .. 


- 


19-34 


49.229 


21-97 


"4.352 



* The ekagatlon on that foot diyision at which fracture took place is not taken into account Ciompare Note. 
page 16. 
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Results of Experiments on the 



Tablb m. — Bbsults of ExPBBDfiDrrs on Tensile Stbength, made with Bessemer 





Deacriptloa of Iron or SteeL 


Amount 
of carbon. 


Amonntof 
phosphorus 
according 
to experi- 
ments 
made at 
the School 
of Mines, 
Fahlun. 


SectiomM 
area. 


• 




Aooonling 
todeleiv 
mlnation 
mtide 
by the numn- 
Ckctnrer. 


Aooordlng 
to detanni- 
nationmade 
at the School 

of Mines. 

Fablnn. 


Form. 


Mean 

Area. 






per cent. 


percent 


percent. 


- 


sq. In. 




I 


Tilted Bessemer steel from Högbo 


1*3 


— 


__ 


Bound. 


0*1918 




3 


» » f f • 


1*3 


1-35 


— 


» » 


0*1969 




5 


» • » » 


1*0 


I-I4 


0*018 


» » 


0*1754 




4 


a » « 


I'D 


— 


— 


>« 


0*1839 




5 


»> » t 


0-9 


-- 


— 


> f 


0'i872 




6 


» f * » 


. 0-9 


1-05 


— . 


* > 


0*1839 




7 


t » t » 


. 0-6 


0-68 


-- 


f » 


0*1882 




8 


»> >» 


. 0-6 


— 


— 


,, 


0-1855 




9 


Tilted Bessemer iron from Högbo . 


. 0-3 


0-33 


— 


» « 


0*1754 




10 


> » > > 


o*3 


— 


— 


f » 


0*1891 




III 


> > > f 


. 0-3 


— 


— 


I * 


0*1846 




13 


Boiled Bessemer steel from Garlsdal 
of the older nmuber of hardness 


3 — 


1-85 





Square. 


0*3441 




13 


* • »» 


— 


— 


— 


» » 


0-3441 




14 


» » ff f 


— 


3-i6 


— 


Bound. 


0-3009 




15 


» f » » 


— 


— 


— 


f f 


0'3045 




i6 


t * » » 


— . 


0-99 


— 


Square. 


0-3593 




'7 


» » » » 


— 


©•98 


— 


f » 


0*3593 




i8 


1 1 t » 


— 


1-39 


— 


Bound. 


0'i868 




19 


» » »1 • 


— 


i'i9 


— 


> » 


0-1909 




30 




0*40 


0-43 


— 


Square. 


0*3313 




31 





©•40 


' •— 


— 


» » 


0-3383 




33 


•• *« •• •> •• •• •• •• • 


0-33 


— 


— 


> > 


0-3331 




n 




0-33 


0'38 


0*033 


» > 


0-3313 




34 




0*33 


— 


— 


t ) 


0*3394 




35 


BoUed cast steel (Uchatius steel) froi 


n 

3 — 


1-57 





Bound. 


0*1876 




36 


» » »f » » » » 


— 


1-56 


— 


> » 


0*1799 




27 


) * * * . * No. I 


— 


— 


-- 


> » 


0*1775 




38 


»f »» »» f > 


— 


I»i6 


o*oii 


* f 


0*1749 




39 


*a *> *» »> 


— 


1*33 


— 


* f 


0-1691 




30 


» , No. 3 


— 


0-69 


— 


»» 


0-1913 




31 


> > » > > > ♦ » 


— 


— 


« 


» » 


0*1703 




33 


Tilted cast steel from F. Erapp, 

marked with i crow 


n — 


©•63 


0*033 


» » 


0*3I3I 




33 


.» ,, *) 3crowi] 


IS — 


©•6i 


0*03 


» 1 


0*3094 





1 The bar annealed before the experiment. 
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Steel and Iron, and with Cast Steel at a Temperature of about 60° Fahr. 




Load 

I)er sq. in. 

at the 

limit of 

elasticity. 


Breaking 

weight 

per sq. in. 

on the original 

mean area. 


Area 

Of 

fracture. 


Breaking 

weight 

per sq. inch 

on the area 

of fracture. 


Ratio be- 
tween the 
load at 
fracture 
and at the 
limit of 
elasticity. 


Ratio be- 
tween the 

sectional 
area of 

fracture 

and that 
of the bar 
originaUy. 


Elon- 
gation 

by 
rupture. 


Mean 

eli'iifirwtion 

between the 

Umltsof 

éUNUcitr 

Midfractnre 

fur an lnciie<«fl0 

In the I'ttd of 

100 lbs. per Bq 

llne = 66621faft 

per »q. in. 




lbs. 


lbs. 


tons. 


sq. in. 


lbs. 


- 


- 


percent 


percent 




78»9i3 


105,125 


46-93 


0-1754 


113,017 


1-33 


0-93 


2-1 


0-55 




76,511 


107.184 


47-85 


0-1537 


137,308 


I-40 


0-77 


2-8 


0-65 




85,431 


127.564 


56-94 


0-1053 


216.153 


1-49 


0-59 


2-9 


0-47 




7B.913 


"5,574 


5606 


0-I088 


211,075 


1-59 


0-59 


2-8 


0-41 




67,147 


97,783 


43-65 


0-0955 


191,518 


1*45 


0-51 


3-9 


0-87 




68,620 


108,213 


48-30 


0-1122 


176.422 


1-57 


o-6i 


2-9 


050 




68,620 


101,214 


45-18 


0-1227 


155,218 


'•47 


0-65 


3-7 


0-78 




69,649 


106,704 


47-63 


0-1170 


169,079 


1*53 


0-63 


4-6 


0-85 




52.151 


71,364 


31-85 


0-0663 


191,930 


1-37 


0-37 


5-5 


1-95 




56.268 


71.296 


31-82 


0-0717 


188,012 


1-27 


0-38 


6-5 


2-96 


\ 


37.054 


67,933 


30-32 


0*0585 


214,368 


1-83 


0-37 


lo-o 


2-22 


57,640 


99,842 


44-61 


0-2385 


102,173 


1-73 


0-97 


1*75 


0*28 




61.75B 


89.549 


39-97 


0-2441 


89,549 


1*45 


i-oo 


1-15 


0-28 




64,502 


86,804 


38-75 


0- 1945 


89,617 


1-34 


0-97 


2-96 


0-91 




— 


97,783 


43-65 


0-1946 


102.724 


— 


0-95 


3-9 


— 




65,875 


102,998 


45-98 


0-2514 


106.223 


1-56 


0-97 


3-7 


0-68 




— 


111,987 


49*99 


0-2441 


118,918 


— 


0-94 


3-9 


— 




69,992 


135,936 


60-68 


0-1058 


191,175 


1-94 


0-71 


5'5 


0-57 




67,933 


139,916 


62-46 


0-1580 


168,942 


2-o5 


0-82 


4-1 


0-39 




— 


68,757 


30-69 


0-0985 


'161,325 


— 


0-43 


16-7 


— 




34,310 


70,472 


31-46 


0-1189 


136,759 


2-05 


0-51 


15-2 


2-88 




37,741 


66,081 


29-50 


0-0914 


167,844 


1-76 


0-39 


15-7 


3-8o 




34,990 


64.708 


28-88 


o«io6o 


141,219 


1-85 


0-46 


i6«7 


3-85 




34,653 


65,257 


29-13 


0-0878 


170,383 


1-88 


0-38 


17-7 


3-97 


\ 


— 


116,516 


52^01 


0-1631 


133,946 


— 


0-87 


1-9 


__ 


1 


83.167 


121,388 


54-19 


0-1771 


123,378 


1-46 


0-98 


2-5 


0-45 




72,737 


138,886 


62-00 


0*1453 


169,628 


1-91 


o'8i 


4-5 


0-46 




71,707 


139,847 


62-43 


0-I533 


159,610 


1-95 


0-88 


4-6 


0-46 




73,080 


144,719 


64*60 


o-i6io 


151,993 


1-98 


0-95 


4*5 


0-43 




67,147 


103,547 


46-22 


0-1191 


166,334 


'•54 


0-62 


11-3 


2-14 




60, 728 


118,643 


52-96 


0*1226 


164,688 


1-95 


0-72 


10-8 


1-28 




50,092 


85,431 


38-13 


0-0972 


186,440 


1-70 


0-46 


6-4 


1-24 


L- 


55,925 


82,549 


36-85 


0-0991 


172,304 


1-47 


0-48 


5*5 


1*41 



K 2 



132 



Results of Experiments on the 



Table IY. — ^Results of Expebiments on Tensile Strength, 



Description of Iron. 



Amount 

of 
carbon 
deter- 
mined 
at the 

Bchool of 
mines, 

Fahlnn. 



par cent. 



Amount 
of 

phos- 
phonis 

deter- 
mined 

at the 
school of 
mines, 
Fahlun. 



percent 



fiecttonal 
area. 



Form. 



I 

2 

3 

4 
5 
6 

7 
8 

9 
lo 
II 

12 

13 
14 
15 
16 

17 
18 

19 

20 
21 
22 

24 

25 
26 

27 
28 
29 
30 
31 
32 

33 
34 

f6 

37 
38 
39 
40 

41 



Rolled puddled iron from Low Moor 



from Middle8bro*-on-Tees, marked "Cleveland" 



from Dudley 



Planed and rolled Sample — 

from tbe outside of an engine tyre from Liow Moor 



from the head of a rail from Cwm Avon (Wales) 
* » » > ) 1 

t » » » »1 

from the stem of a rail from Gwm Avon (Wales) 

Boiled puddled iron from Motala Works (Sweden) . . 



Boiled iron made in a charcoal hearth — 

from Åryd Smfiland (Sweden) 



from Hallstahammar, Westmanland (^Sweden) 



Boiled iron made in a Lancashire hearth — 

from LesjöforsB, Wermland (Sweden) 



0-07 



0*09 
0*09 



0*07 
o'i8 

0*07 

0-07 

o'o7 



o '068 



0*24 
0-295 

0*27 

0-346 
0-346 



0-158 

0-240 

0*222 
0*02 



0*264 



Round. 



Square. 



Round. 



Square. 



RsHAitKS. — No. II had been slightly annealed before the experiments. 

No. 12 had previously been strongly annealed. One part of the broken bar was heated by repeated annealing to 
such an extent that it was much bent : it was afterwards filed square for a length of 4 inches, was divided into inches, 
and examined. It now broke by a weight of 59.630 lbs. per sq. in., after an elongation of iS"/.* the inch where the 
ftacture took place not being included. The fracture was semi-crystalline and semi-fibrous. 

Nob. 14 and 15 had originally been one bar. 

No. 16 had boen strongly annealed. 
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made with Iron at a Temperature of about 60° Fahrenheit. 
























Mean 














B«tio 


Ratio 

between the 

sectional 




elongation 




Load 
persq-in. 


Breaking 
weight 


Area 


Breaking 
weight 


between 
the load at 


Elonga- 


between the 
limit of 
elasticity 




at the 


persq. iiL 


of 


persq. in. 


fracture 


area 
of the 


tion 


and 

fracture 

for an 




limit of 


of the 




of the 


and at the 


fracture 

and that of 

thebar 


by 




elasticity. 


original 


fracture. 


area of 


limit of 


rupture. 


increase in 
the load 






mean area. 




fracture. 


elasticity. 


originally. 


of 6862 lbs. 




















per fcq. in. 




lbs. 


IbB. 


tons. 


6q. in. 


lbs. 


- 


- 


percent. 


percent. 




35,682 


55,650 


24-84 


0-095 


120,496 


1-56 


0*46 


20*1 


6-91 




36,025 


58,944 


26*31 


0-092 


130.583 


1*63 


0-45 


20*5 


6*13 




35,682 


52,974 


23-64 


0-102 


107.253 


1*48 


o*49 


20*6 


8*17 




— 


52,700 


23-54 


0*095 


110,822 


— 


0-47 


19*0 


— 




— 


56,748 


25-33 


0-095 


116,654 


— 


0-49 


18-0 


— 




33.937 


58,464 


26-10 


0-1699 


106,978 


1*77 


o*54 


i6-3 


4-II 




— 


61,414 


27-50 


0-174 


109.174 




0*56 


18*9 


— 




3T,222 


53,317 


23-80 


0-187 


88,176 


1*71 


0*60 


18*8 


5*84 




33,623 


56,474 


25-21 


0*1698 


103,478 


1*68 


0*54 


19*6 


5*88 




— 


72,531 


32-38 


0-205 


109,723 


— 


0*66 


18-7 


— 




31,565 


61,071 


27-26 


0-189 


108,076 


1*93 


0*62 


14*6 


3-39 




33,280 


57,023 


25-45 


0-178 


98.057 


1-70 


0*54 


14*1 


4*i8 




35.339 


55,856 


24*93 


0-151 


71,296 


1*58 


0-78 


12*6 


4-21 




28,134 


41,738 


18-63 


0-165 


57.778 


1*50 


0-82 


6*6 


2-95 


► 


28.68J 


47,553 


21-22 


O.151 


62,032 


1-66 


0*76 


7*4 


2*69 




30,879 


51,808 


23-12 


0-1702 


57,023 


1*67 


0*90 


7-8 


2*57 




34,653 


52,013 


23-22 


0-141 


69,649 


1*50 


0*75 


8*3 


3*29 




34,996 


53,592 


23-92 


0-156 


92.568 


i'53 


0*58 


12*9 


4-76 




— 


52,906 


23-66 


0*2109 


67.727 




0*78 


10*2 









53,798 


24-01 


0*165 


87,353 


— 


0-62 


13-2 


— 




30,879 


44,465 


19-85 


0*238 


48,994 


1*44 


0-91 


4-7 


2*37 




— 


48,720 


21*75 


0-250 


51,190 


— 


0*95 


6*6 


— 




— 


50,847 


22-69 


0-214 


62,169 


— 


0*82 


8*5 


— 




— 


44,259 


19-75 


0-264 


45.632 


— 


0-97 


3-4 


— 




— 


43,642 


19-48 


0-250 


47.485 


— 


0*92 


3-2 


— 




29,506 


52,631 


23*49 


0-098 


100,665 


1-74 


0-52 


17*3 


5-29 




26,761 


45,632 


20-37 


0-137 


64,091 


1-74 


0-71 


11*4 


4-14 




26,761 


46,181 


2o-6i 


0-II2 


78.775 


1-73 


0-59 


11*2 


3-96 




32,937 


50,710 


22-63 


0*083 


111,507 


1-54 


0-45 


13-4 


5-17 




25,389 


48,651 


21-71 


0*058 


157,551 


1*92 


0*31 


13-3 


3-92 




27,104 


46,867 


20-92 


0*112 


80,148 


1*73 


0*58 


17-8 


6-18 




37,397 


65,669 


29-31 


0*141 


129,417 


1*61 


0*51 


14-1 


3-42 




40,485 


63,473 


28-33 


0*232 


76,864 


1-57 


0*82 


8*2 


2*44 




42,545 


61,758 


27-57 


0*261 


65.737 


1*42 


0-94 


6-5 


2*32 




47,004 


60,728 


27-22 


0-275 


60,728 


1*29 


I -00 


5-5 


2*75 




38,084 


47,690 


21-29 


0*267 


49,612 


1*24 


0*96 


1*1 


0*78 




27,104 


50,916 


22-73 


0*094 


115. 761 


1*87 


0-44 


16*7 


4-85 




27.448 


50.572 


22-57 


0-059 


182,735 


1*84 


0*27 


18*6 


5-51 


1 


27.791 


50,916 


22-73 


0*076 


142,866 


1*83 


o*35 


19-9 


5-90 




24,360 


45,014 


20*09 


0*056 


192.753 


1*85 


0*23 


22*0 


7-31 




30,879 


48.720 


21-75 


0*084 


132,985 


1*58 


0*37 


20*3 


7-81 



Noe. 27 and 28 had originally been one bar. 

No. J 2 broke at fin-t three times outside the marks, near the thread, but tried with damps it lnx)ke in the 
middle by a weight of 65,679 lbs. per »q. in., with an elongation of 147,. 

No. 1% had previously been slightly annealed. 

No. j6 had previously been strongly annealed : broke Just outside the mark, but tested again it broke by a 
weight of 49,jJ7 lbs, per sq. in., with an elongation of I's^/o* 
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Results of Experiments on the Effect of 



Tablb YI. — ^Bbsultb of Expebihents made at about 60^ Fahrenlieit, in order to 

All the Bars tested were filed square in the 

Those with brackets preceding the numbers 



5^1 



Description of Iron or Steel. 



Treatinent of the bar before the experiment 






1 16 
, 18 

(26. 

{^^ 

f28 
i 29 

i IS 

07 
J8 

i 39 
140 

l42 



Bessemer Steel from Hogbo— 
Marked 0*9 of the bar No. 5 in Table III. 



0-6 



No. 7 



Bessemer Iron irom Hogbo— 
Marked o* J 



Bessemer Steel from Garlsdal — 
Marked 04 of the bar No. 20 in Table III. 



Uchatius Steel from Wikmansbyttan — 
No. o- 2 of the bar No. 26 in Table III. 



No. I 



No. I of the bar No. 28 in Table III. 



No. i 



No. i of the bar No. jo in Table UI. 

Cast-steel from Krupp — 
Marked with one crown 



Puddled Iron from Sarahammar— 
Marked B 



Iron made in a charcoal hearth from Aryd 
Of the bar No. 34 in Table IV. 



,, No. 35 ,, 

Iron made in charcoal hearth from Hallslhammar— 
Of the bar No. 37 in Table IV 



Iron made In charcoal hearth from I/ecjjeforss ^ . 



Heated to redness and hardened in water 
in oil 



\ ,, , , , hardened in water, and heated fbr C 
3 half an hour at 482*' Fahr. 1 

Heated to redness and hardened in water 

, , , , slowly cooled in warm coal dust 

,, ,, hardened in oil 

, , , , slowly cooled in warm coal dust 
, , , , hardened in water 



in oil 



Not heated but examined in its original state . . . . 
) Heated to redness and cooled slowly hi warm coal C 
S dust 1 

Strongly heated and hardened In oil 

Slightly heated and hardened in water 

( Slightly heated, hardened in water, and wanned half | 
I an hour in a bath of paraffine at 284^ 3 

Strongly heated and hardened in oil 



^Heated to redness, hardened in water, and heated ( 

3 haIfanhourinpaTafBneat302** \ 

Heated to redness and hardened in oil 



, , , , slowly cooled in warm coal dust 

^ ,, ,, hardened in water, and heated half ) 

[ an hour at 482** 3 

Heated to redness and hardened tn oil 

hardened In water, and heated) 



(^ half an hour at 464° 
Heated to redness and hardened in oil 



,, in water 

slowly cooled in hot coal dust 
hardened in water 



slowly cooled in hot coal dnst 
hardened in water 



slowly cooled hi hot coal dust 

hardened in water 

slowly cooled in hot coal dnst 



* Several other Steel bars, containing One per cent and more of Carbon, were examined after having been exposed 
have not been mentioned in these Tables. 



Hardening Iron and SteeL 



m 



ascertain the effect of Habdbnino on the Extensihility and Strength of Iron and Steel, 
tniddle, for a length of from ' 58 to 4 * 65 inches. 

(vere originally parts of the same bar. 



Amotint of carbon. 


The filed and divided part 
as to 


Breaking weight per 
sqnare inch of the original 


Area 

of 

fracture. 


Ratio 

between the 
area of 
fracture 
and the 
original 

mean area. 


Elongation 

by rupture, 

the place 


In the bar 
tried. 


In other 
bars of the 
same kind. 


Length. 


Mean area. 


mean area of the filed 
part of the bar. 


of fl-acture 
not taken 

Into 
account 


per cent. 


percent 


Inches. 


sqnare Inch. 


lbs. 


tons. 


sqnare hich. 




percent 


_ 


105 


2-J2 


0*069 


( less 
141.172 


han ) 
18*38 J 


0*069 


loo 


o*o 


— 


I -05 
I 05 


2-J2 

1-74 


o-c68 

0*070 


171.951 
115.350 


7765' 
5149 


0*068 
0-070 


1. 00 
1*00 


o-o 
0*0 


0-68 
0-68 


— 


r4; 
r48 


oc86 
0*089 


104,919 

IOI,28i 


4683 
45-21 


0086 
0-054 


0*99 
o-6o 


1-7 
1-5 


— 


on 

oil 


2-32 
2-^2 


0-076 
0-077 


79.871 
51.259 


nil 


0-032 

0-02I 


0-42 
027 


13'o 
19-0 


0-42 

0-42 

042 


E 


104 
I 04 

I <H 


0-100 
0099 
0-079 


102,24! 
77.060 
100, 25 J 


45 64 
1440 
44- 75 


0-050 
0-046 
0-079 


0*50 
0-46 
i-oo 


■"- 


156 


— 


2\J2 


0065 


132,916 


59*11 


0-094 


0*90 


1*3 


1-22 
1-22 
1-22 
1-22 
I 22 


- 


0-9J 

081 
104 


o-o8o 
0-079 
0*097 
091 
o-ioo 


195.018 

152. 3J6 

84,8f4 
101,351 


87-06 
68 00 
41-60 
17-86 
45-24 


0094 
0-071 
0054 
0045 
O-IOO 


0-55 
0-50 
1-00 


i-l 

o-o 


116 


— 


116 


o*o8o 


14J.209 


63-91 


0*070 


087 


— 


116 


— 


r48 


0-092 


lil,6u 


58-75 


0-071 


0*77 


60 


i-i6 


- 


1-74 


0068 


f leas 
154,896 


han \ 
24-501 


0068 


i-oo 


0*0 


o"78 
0-78 
0-78 
078 
0-78 


- 


i-6i 

■ rs 

o-9i 
0-9J 


0-085 
o'o8| 
009J 
o-o8i 
0-091 


8J,44I 
80,892 
146,915 
168,510 
96,891 


17 -25 
40-13 
65-58 
75-23 
41-25 


0-084 
0-083 
0095 
0*076 
0-094 


0*99 

i-oo 

I-oo 

O-QI 
0-64 


0*0 
0*0 


069 


— 


y^ 


0-088 


108,899 


48-61 


0-048 


0*55 


3-0 


0-69 


— 


174 


0-067 


136,691 


61 -02 


0-067 


1-50 


2-0 


- 


0-62 


i-48 


o-iii 


122,280 


54-58 


0-105 


0-93 


o*o 


.. 


0*62 
0-62 


0-58 
058 


o-ioo 
0103 


171,681 
115,816 


t^ 


O'lOO 

0-098 


I-OO 

o'95 


— 


- 


0-20 
0'20 
0*20 


267 


0T5I 

OI4J 
0-148 


6q,3o6 
68,757 
46,710 


30*04 
30-69 
20-86 


0081 
0-II3 
o*c54 


0-53 


6-2 


0*07 


0-07 
0-07 


r48 


0158 
0-I57 

0-IJ2 


71,421 


29*80 
27-08 
12-77 


0043 
o*iz5 
0*113 


0-51 
0-79 


25*0 

10*0 


0-07 
0-07 


-. 


I 04 
104 


0-104 
0-107 


50.641 
47,551 


22*16 
21*22 


0*043 
0-028 


0-42 
0*26 


— 


0-07 


- 


o*9i 


0*114 


61,267 


28*24 


0*046 


0*40 


- 


o-o8 
o-o8 


. 


4-65 
4-65 


0*112 

0-I20 


62,581 
44.601 


27-91 
19-91 


o-o)7 
0-039 


0-31 
0-32 


lO'O 

19-0 


- 


0*07 
0*07 


1*74 
1-74 


0-126 

0-I07 


6l,?36 

44,877 


28-27 
20*03 

1 


0043 
0-037 


0*35 
0*35 


6*0 
29-0 



) a red heat and hardened in water, but as all of them broke with a less lood than 41, 172 lbs. per square inch, they 
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Table VII.— Rej 


STTLl 


's of ExPESiMEKTS OH the Tensilb ; 




All the bars tested were filed in the middle to smaller ! 




Those bars preceded by a bracket 


1 were 




Description of Steel or Iron. 


Sample bars. 


Section Of the bar 
wbere it was not filed. 


Mean area 
of the 
section 
where 
filed. 

1 


No. of 
experi- 
ment 


Carbon. 


Phos- 
phorus. 


Form. 


Diameter 
or 
side. 




percent 


percent 




inches. 


sq.iB. 


{i 


Bessemer steel from Hugbo, marked x 'o 


X14 


0-0I8 


Bound . 
»» 


0-465 


0-III5 1 
O-09J5 


{^' 




— 


^ 


»» 




0-1252 
0*1261 


W 


,, ,, marked 0*6 





68 


— 


;; 




0-1135 

0-I20J 1 


{t 


Bessemer iron from Högbo, marked o-j 

»» »» »» • 





11 


— 


Square . 


0-148 


O-054J 
o-o8ii 


{.2 


;; ;; ;; ;; ;; ;; 




; 


— 


Bound . 


0-465 


0-1069 ^ 
0-1045 


{U 


Bessemer steel from Carlsdal, marked o'4 

»» »» » f 





42 


__ 


Square . 




0188J 
0-1883 ' 


<I5 


Uchatius steel from Wikmansbyttan, hardness Na o'Z 


I 


78 


__ 


Bound . 




0-1042 ' 
0*1042 
0-1091 , 


C 16 
1 17 


,, ,, hardness No. J .. 





69 


— 


;; 




0-1014 
00968 


(18 
119 


Cast steel ftom Knipp, marked with one crown .. .. 





62 

» 


0*02 


;; 




01299 
0-1261 


{^? 


, , , , .... 




, 


, , 


»» 




0-1187 ' 
0-1141 


{^' 


Puddled steel from Surahammar, marked N. P. i . 





8 


— 


Square . 




0-1956 1 
0*1957 


i 24 

125 


marked N.H. i .. 





7 


— 


Bound . 




oi2n 

0-II95 


t 26 

127 


, , . . marked B 2 . . . . 





$$ 


— 


J J 




01145 1 
o'irSo 


(28 

1 29 


marked N.P.I .. 


— 


- 


;; 




0-1252 
0-120J 


{1? 


English puddled iron li-om Low Moor 





21 


0-068 


, , 




0-1148 
0-1380 


{^^ 










, , 




1348 
0-1241 


ii4 
li5 














0-1952 

0-12J4 


n6 

li7 










•• 




o- 1256 

0-134^ 



1 Compare j 
Nos. 3> 4> 7> and 8 did not form part of those ordered 



of Iron and Steel at- different Temperatures. 
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Stbbngth of Iron and Steel at Dxftbbent Tkmpebatubes. 
dimensions for a length of from 4 to 6 inches, 
originally parts of the same bar. 



Breaking weight per 

fiq. inch of the 

original mean area 

of the filed part 

of the bar. 


Area of 
fractare. 


Ratio 
between 
the area 
of fracture 
and the 
orighial 
sectional 
area of the 
filed part 


Elongation by 
rupture 


Spedflc gravity determined 
after the experiment 


TemperaF 
tureof 
the bar 

during the 
experl- 
uients. 




Excluding 
the inch 

where the 
fracture 

took place. 


Ona 
length of 
5-2 inches, 
the place 
of fracture 
included.^ 


Of the 

part not 

filed. 


Of the 
filed purt 


DlfTerenoe 
between 

the 
specific 
gravities. 


The bar 
broken in 


lbs. 


tons. 


sq. in. 




pvcent. 


percent. 






Fahr. 




140,945 
137.034 


62-92 
61*17 


0-1115 

C-0747 


I-03 

0-80 


4-0 


4*0 
4-3 


7-8508 


7-«49i 


00017 


+ 5? 
+ 330 


Water. 
Pfeaffln. 


115,078 
131,032 


51-37 
58-49 


0-0985 
0-1137 


0-79 
0-90 


4*0 
50 


5-1 
5'5 


— 


__ 





•f 55 

•*-356 


Air. 
Paraffin. 


126,044 
123,653 


56-27 
55 20 


0-0878 
0-0914 


0-77 
0-76 


7-0 
5*9 


8-8 
8-6 


— 


— 


— 


- 40 
+ 59 


Alcohol. 
Water. 


6^,286 

77,677 


29-59 
34-67 . 


0-0148 
0-0344 


027 
0-42 


5*5 
5*5 


9*4 
9-2 


— 


— 


— 


+ 50 
•*-35o 


Pitto. 
Paraffin. 


^ 77.481 
76,422 


34*59 
34-11 


0-0313 
0-0389 


029 
0-37 


2-8 
6-4 


8-0 
10-3 


7-8804 


7-8781 


0-0023 


4- 60 
4- 120 


Water. 
ParalHn. 


76,991 
74.589 


34*37 
33-29 


0-I257 
0-I299 


0-67 
0-69 


19-3 
15-3 


21-2 
iS-i 


— 


— 


— 


+ 5 
4- 60 


Alchol. 
Water. 


141,768 
ij2,9i6 
138,818 


6r28 

59* n 

61-97 


0-1041 
©•1042 
o-io6o 


i-oo 
i-oo 

0-97 


3-1 
2-4 


3-7 

3-9 


- 


~ 


- 


- 29 

+ 282 


Alcohol. 

Air. 

Paraffin. 


114.526 
116,173 


51-12 
51-85 


0-0795 
0-0747 


0-78 

0-77 


12-9 

7*5 


9*5 


7-8431 


7-8263 


0-OI63 


+ 53 
4-3C2 


Water. 
Paraffin. 


9?.666 
95.793 


41-81 
42-76 


0-0731 
0-0878 


0-56 
0-70 


7-7 
lo-o 


II-5 


'1^ 


7-8461 
7-8292 


o-ooio 
017J 


- 23 

+ 57 


AlcohoL 
Water. 


93!66å 


42-6? 
41 -81 


0-065? 
00699 


0-55 

0-61 


12-2 
6-7 


15*9 

II'O 


7-8435 


7-8389 


00046 


- 20 
+ 50 


Alcohol 
Water. 


113,172 
118,300 


54-98 
52-81 


0-1875 
0-1656 


%t 


8-0 

lo-i 


II-5 


— 


_ 


— 


- 29 
+ 60 


Alcohol. 
Water. 


102,518 
9 J. 254 


45-7'> 
41-63 


0-0949 
0-1003 


%:S, 


12-7 

6-8 


150 


7-7783 
7-7830 


7-7?6i 
7-7600 


00422 
00230 


+ M 

+ ?oo 


Ditto. 
Paraffin. 


95,724 
»9.754 


42-73 
4005 


O-I0O3 
00896 


0.88 
0-76 


9-3 

9*7 


10-4 
ii-i 


— 


— 


— 


- 13 

+ 57 


Alcohol. 
Water. 


';:% 


3280 
31-35 


0-0396 
00699 


0-63 
0-58 


17-6 
70 


21-3 
9.9 


— 


— 


— 


■♦• 59 
+ 311 


Ditto. 
Paraffin. 


61,277 
56,474 


27 -35 
25 -21 


00666 
00654 


0-49 
0-47 


28-8 
19-0 


30-7 
23-1 


— 


— 


— 


;il 


AlcohoU 
Watrr 


%% 


28 -61 
29-10 


90619 
00567 


%.% 


%% 


24-9 
24-4 


— 


— 


— 


- 36 

•f 59 


Alcohol. 
Water. 


64,159 
65,394 


2864 
29-19 


%x 


0-50 
0-54 


Ul 


10-7 
11-5 


7-7981 


7-7456 


00525 


+311 
+320 


Air. 
Paraffin. 


59.081 
66,355 


26-37 
29 -62 


0-0624 
00715 


0-50 
053 


n 


19-4 
II-8 


7-7985 
7-7930 


7-7425 
7 7284 


o-oi6o 
00646 


+ 60 

•f323 


Wat«r. 
Paraffin. 



page ICO. 

direct from Hdgbo, but were purchased in Stockholm. 
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Results of Experiments on the Tensile Strength 



Tabls Vn. — continued — Eesults of Exfebiments on the Tbnsile 

All the haiB tested were filed in the middle to smaller 

Those bars preceded by a bracket { were 



No. of 
experi- 
ment. 



Description of Steel or Iron. 



Sample bars. 



GorboD. 



percent. 



PllOB- 

phoms. 



percent 



Section of the bar 
where it was not filed 



Form. 



Diameter 



139 
S40 

X43 

i44 
145 

(46 

{ii 

(54 

hi 

h 

hi 

in 

(67 

c 70 

171 
VK 

Hi* 



English paddled iron from Low Moor 



ftt>m Middlesbrongh'On-Tees 



Paddled iron firom Motala (Sweden) 



07 



o-c68 



25 



Roimd 



from Sarahammar, N. P. 



0-465 



581 



Iron made in the charcoal hearth from Aryd (Sweden) | 



Iron made in the Lancashire hearth from Le^forss> 
(Sweden) j 



07 I 
•18} 



©•'26 



Square . 



06 



07 



465 



1 Compare 
2 Nos. 71 and 7J were taken fhnn the previously broken bar, No. 41 in Table lY., whidi 



of Iron and Steel at different Temperatures. 
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Stbekgth of Iron and Steel at DiFFEREirT Tempebatubes. 
dimensions for a length of from 4 to 6 inches, 
originally parts of the same bar. 



Breaking we^^ht per 

sq. inch of the 

original mean area 

ofthe filed part 

of the bar. 



Area of 
frActnre. 



Ratio 
between 
the area 
offractore 
and the 
or^;iiial 
aecttooal 
area of the 
filed part 



EloDgatioii by 
mptere 



Exdodbig 
the inch 

where the 
fracture 

took place. 



Ona 
length of 
5-2 mches, 
the place 
offr^ctare 
incladed.1 



Specific gravity deterndned 
after the eKperimmt 



Ofthe 

part not 

filed. 



Ofthe 
filed part. 



DiffereDce 
between 

the 
specific 
gravities. 



Tempera- 
tare of 
the bar 

during the 
experi- 
ments. 



The bar 
broken in 



lbs. 



sq. in. 



percent. 



percent 



. Fahr. 



57,366 I 
65,J94 

6o,ji6 
67,316 

61,481 
57,846 

6},88$ 
59.287 

52,837 
55,oio 
69.717 
62,556 

54,141 
51*121 

6l,li6 
68.414 

68,482 
50,167 
51,111 
65,194 
61,199 

50,710 
46.110 
57,160 

64.159 
79.667 

66,286 
67,590 
61,110 
7i,56o 

55.376 
51.051 

62,169 

56.199 
62,718 



25*60 
29-19 

26*92 
30*05 

27*44 
25'8f 

28-6o 
26-46 

21*58 
24*60 
11*12 
2792 

24*17 
22*82 
28*27 
3054 

30-57 
22*48 

21-71 
29- 19 
28*21 

22*61 
20*67 

25*51 

28*64 
35 56 

29-59 
30*17 
28-18 
32-83 



2471 

22*79 

19*78 
27-79 

25*08 
28*00 



0*0401 
00425 

0*0567 
0*0462 

0-II27 
0-1060 

0-II77 
0*1257 

0*1141 
0*1090 
01216 



0*0511 
0*0626 
0-0747 
0-076* 

0-0580 
0-0667 
0*0609 
0-0715 
00624 

0-0654 
0-0411 
0*0540 

0*1257 
0*1257 

0*0914 
0*1099 
0*0654 
0*0684 

0-0684 
0*0624 

0*0101 
0*0024 

0*0527 
00596 



049 
o*53 

0*53 
0*59 

0*62 
058 

0*61 
0*67 

0-71 

0*62 



0-45 

0-51 
0*51 
001 

0*40 
0-56 
0-51 
o*59 
0-55 

0*56 
0*40 
0*48 

069 
0*69 

0-66 
o'8o 

0-49 
052 



0*37 
0-35 



0-25 
©•19 



o'4i 
0*49 



21*5 

9*o 

20*0 
11*5 

19*6 

21*1 

20*8 

9*7 
20-8 

%\ 

21*5 

161 

8*1 
15-7 

21*1 

11*0 

16*1 

%\ 

16*8 

11*2 

9'7 

i8*7 
15*7 
17-3 

20'9 

14-25 
16*5 



22*5 

27*7 



25*4 
I5-I 



io*7 
8*o 



21*8 

11*8 

24*2 
11*2 

29*2 
21-9 

26*8 
245 

12*2 
24*1 

I7-0 
10*6 

25*8 
20-8 

17*5 
24^1 
19-1 



18*5 

15*2 

299 



2o*4 

21*5 

19*5 
20*2 



11*6 



33.1 
20*2 



17-2 
"•3 



7*7833 

7*7878 
7-7889 



76808 
7-6782 
7-6885 
7*6780 



7-7177 
7"7H9 
7-7159 
7 7294 



7*7918 
7-7762 

7*7424 
7*7657 



7-8181 



7*7142 

7*7404 

7-7671 



7*6oil 

7-5646 
75629 



7-6921 
7 70Q1 
7-7065 
7*7032 



7-710? 
7*7458 

7*6699 
7*7x14 



7*8115 
78119 



0*0691 

0*0474 
0-0218 



0-0775 
0-1975 

0-I219 

0-II5I 



0.0256 
0-0267 

0-0094 

0-0262 



o ' 0811 
0-0104 



o 0725 
o -0543 



0*0322 
0*0042 



+ $1 

•f275 

•f 55 

+280 

- 40 
•*■ 57 

- 27 
+ 59 

+ 60 
+ 62 
+ 318 
+419 

- 16 
+ 60 
+ 120 
+ 392 

- 27 
4* 51 
4- 60 
4*347 
4*374 

- 24 
4- $^ 
4-338 

4- 55 

4*302 

- 16 

- II 
4* 55 

4*275 

- 27 
4- 60 

4- 57 
4-314 

4- 55 

4-330 



Water. 
ParaflSn. 

Water. 
Paraifin. 

Alcohol. 
Water. 

AIoohoL 
Water. 

Ditto. 
Ditto. 
Paraffin. 
Ditto. 

AloohoL 
Water. 
ParaflSn. 
I>itU>. 

AloohoL 

Water. 

Ditto. 

Air. 

Ditto. 

Alcohol. 

Water. 

Air. 

Water. 
ParaflSn. 

AlcohoL 
Ditto. 
Water. 
ParaflBn. 

AlcohoL 
Water. 

Ditto. 
ParaflSn. 

Water. 
ParaflSn. 



page 100. 

aooonnts ibr the breaUng-load bdog greater than for the other bars of the same kind of iron. 
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Results of Experiments on the Effect of 



Table VIII. — ^Eesxjlts of ExPERnncNTS to ascertain in what 

affected by the Temperature at 
The bars tested were each about six feet long, and filed in the 



No. 
of 
bar. 



Description of Steel or Iron. 



Treatment of the bars immediately 
before they were tested. 



Amount of 
carbon 



In the 

bar 

tested. 



Inbars 
of the 



kind. 



per 
cent. 



21 



Hammered Bessemer steel from Hugbo. 
marked 1.2:— 

1st experiment 

Some bar . . 2nd 
jrd 
4th 
5th 
6th 

7tb 

8th 

9th 
xoth 
nth 

Hammered Bessemer steel fcovn Hdgbo, 
marked with the old No. j.5 :— 

i«t experiment 
Some bar . . 2nd 
jrd 
4th 

5th 

6th 
7th 
8th 

Hammered Bessemer steel ftom HSgbo, 
marked 0.9: — 

ist experiment 
Some bar .. 2nd ,, 
.. jrd ,, 
.. 4th 
.. 5th 

Boiled puddled steel from Surahammar, 
marked B i : — 

1st experiment 
Same bar . . 2nd 
3rd 
4th 
5th 
6th 

Rolled puddled steel from Surahammar» 
marked N i :— 

ist experiment . . 
Some bar .. 2nd ,, 

.. 3Td 

.. 4tii 



( Heated to sliest redness and slowly ) 

\ cooled 3 

Heated \ hour in parafSne at 266** Fabr. 
Do. do. do. 



I)o. do. 21 

( Heated for 2 hoars in paral 
\ 2750Fahr. 



Heated and slowly cooled 



126 



I Heated to slight redness and slowly ) 

\ cooled j 

Cooled for \ hour at 9° Fabr. 



Slightly heated and slowly cooled . . 



X-05 



o*66 



0-56 



1 The bar No. 2 was not filed In the middle, but 
8 This bar had been previously used for other experiments, and 



Temperature on the Limit of Elasticity. 
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degree the Limit of Elastioitt on Stretching Iron or Steel is 
wHch the Extension is performed. 

middle for a length of about four and a half feet. (See p. 106.) 









Difference 












tion as to 


The filed middle 
partasto 


Average 
tem- 


between 
the average 


Limits of elasticity. 




Elongation 
of the 
middle 
filed part 
of the bar 
during 
each ex- 
periment 








Sectional 
area. 


perature 

during 

the 


tempera- 
ture during 
the experi- 


Calculated 
acconling 


Found 
to be 


Oonsequentty 


Fonn. 


Diameter 
or Bide. 


Length. 


experi- 
ment. 


ment and 
the pre- 
vious tem- 
perature. 


to the pre- 
vious ex- 
periments. 


Higher. 


Lower. 




inch. 


feet 


square 
inch. 


Fahr. 


Fahr. 


lbs. per 
square in. 


lbs. per 
sq. inch. 


lbs. per 
sq. inch. 


lbs. per 
sq.lnch. 


per 
cent 


Round. 


0488 


450 


01679 


+ 61 






61,414 






0*367 










+ 68 


+ 6 


74.109 


81,657 


7.548 


-. 


o*c6o 










+ SS 


- i 


82,481 


82,481 








o-o8i 










+ 264 


+ 109 


8i,5io 


79.256 
78,226 


— 


4,254 


0*027 










+ 62 


-102 


79. 87 J 
78,913 


— 


1.647 


o*52i 










+ 62 





76,991 


— 


1.992 


0065 










+266 


•f204 


78.569 


91.607 


13,038 


— 


0-030 










+ 57 


-2C9 


92,841 


06.960 
61,758 


4."8 


— 


0-047 










•f 64 






— 


— 


0-104 


\ \\ 


0-371 


51 


O'lOIjl 


- 2 
+ 55 


- 66 

•f 57 


72.188 
82,344 


79.136 
69,992 

67,833 


7.548 


12,352 


0*092 
0105 


Square. 


V64 




0*150 




, , 


,, 




+ 249 


•M85 


71,158 


68.414 


— 


2^44 


0367 




, , 


,, 




+ 55 


-194 


70,404 


T^'^U 


6,175 




0*099 




>» 


*• 




+278 


+223 


77.540 


— 


3,774 


0-20I 




,, 


,, 




+ 59 


— 


— 


65,189 


— 


— 


0*143 




, , 


, , 




•f 46 


- I? 


66,561 


66.561 








0*113 




, , 


, , 




- II 


- 57 


67,9p 


70,678 
67,590 

64,502 


2,745 


— 


0085 




0-465 


4-62 


0*1156 


+ 50 


+ 39 


71,364 




3.774 


0*171 


Round. 


+ 57 




0-130 


> f 




»» 


" 


- 22 
+ 59 


;~i? 


69^06 


69',649 


3,431 


■~ 


0'126 

0204 




, , 




, , 


+269 


+210 


75,825 
88,176 


85,431 


9,606 


— 


0-I7I 
0-762 


** 


o-J 


4-J7 


0*12x4 


+ 60 


-209 


90,921 
46,318 


2,745 




Round. 


•f 57 




O'llO 










- 22 


- 79 


5o,4?5 


53,180 


2,745 


— 


0-187 




,, 


, , 




+ 11 


+ 7J 


57.983 


55.2J9 




2,744 


0-289 




,, 


,, 




+266 


+215 


68I620 


62,444 








0*320 


, , 


, , 


,, 




+ V 


-213 


70,335 


1,715 


— 


0*241 


>* 


0476 


4*49 


0*1561 


+264 


+211 


72,737 


71,364 

39,113 
46,318 




1,363 


0.307 


Square. 


+ 59 




0-303 


, , 






,, 


•f275 


4-2x6 


43.573 


2,745 


— 


0324 


, , 


,, 


,, 


t , 


+ $1 


-222 


53.043 


55,444 


2,401 


■~~ 


0-318 




" 


'» 


** 


-27 


- 80 


56,611 


59,013 


2,402 




0*396 



|(ras of the same thickness throughout the five feet. 

thereby elongated, which accounts for the high limit of elasticity. 
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Results of Experiments on the Effect of 



Tablb YUL — caniifmeå — ^Bbsults of Expebimbnts to ascertain in 

affected by the TsMPERiiTnsB at 

The bars tested were each about six feet long, and filed in 



No. 
of 
bar. 



Deflcription of Steel or Iron. 



Amoant of 
carbon 



In the 

Treatment of the bars immediately bar 
before they were tested. tested. 



per 
cent 



Inbars 
of the 
same 
Idnd. 



per 
cent 



6» 


Boiled paddled steel firom Surahammar, 
marked NP 2:— 

1st experiment 




Same bar .. znd ., 




.. 3rd 




.. 4tli 




:: ::JS :; :: 



Boiled puddled iron fh>m Low Moor :— 
I8t experiment . . 
Same bar .. 2nd ,, 
.. jrd 

Boiled puddled iron from Motala 
(Sweden) • — 

xst experiment . . 
Same bar .. 2nd ,, 
.. Jrd 
.. 4th 



Boiled puddled 
(Sweden) : — 

Same bar 



iron from Motala 

ist experiment 

2nd 

jrd 

4th 

Jth 

6th 

7th 

8th 
9th 

xoth 

nth 
I2th 



Boiled puddled Iron fh>m Snrahammar, 
marked N H>- 

ist experiment . , 
Same bar .. 2nd ,, 
.. 3rd 

Boiled iron made in charcoal-hearth at 
Aiyd (Sweden) :— 

ist experiment . . 
Same bar .. 2nd ,, 
.. jrd 



C Heated for \ hour in paraffine at) 

t 2840Fahr J 

Do. do. at332°Fahr. .. 
C Heated for 2$ minutes in paraflSne) 
t at266oFahr. 3 



Heated to redness and slowly cooled 
Heated Jbr \ hour in para£9ne at^ 



\ 284° Fahr." 

eated for 
284° Fahr. 



CHeated for \ hour in paraffine at) 
\ 284° Fahr. J 



0-7 



" i 



s This bar had been previously used for other experiments, and 



Temperature on the Limit of Elasticity. 



H5 



what degree the Limit of Elasticity on Stretching Iron or Steel is 

which the Extension is performed. 

the middle for a length of about four and a half feet. 



The original sec- 
tion as to 



Form. 



Diameter 
or aide. 



The filed middle 
part as to 



Length. 



Sectional 
area. 



I Difference 
between 
Average the average 
tem- I tempera- 
perature turedurine' n i i * j 
during «lJ!™i*. Calculated 

the 
experi- 
ment. 



Limits of elasticity. 



P« Pr^ I vlous ex- 
periments. 



vioos tem< 
perature. 



Found 
to be 



Consequently 



Higher. 



Lower. 



Elongation 
of the 
middle 
filed part 
of the bar 
during 
each ex- 
periment. 



inch. 



feet 



square 
inch. 



Fahr. 



Fahr ^^* "^ ^^ P®** ^^ "^^ 

' ' square in. sq. inch. sq. inch. 



lbs. per 
sq. inch, 



per 
cent. 



Square. 



0488 



4-50 



0*2l6i 



Round. 



Bound. 



Bound. 



05 



0476 



0-476 



472 



4-65 



4*49 



0*1256 



0*1229 



Bound. 



Square. 



0-476 



o'5ix 



450 



4*49 



1269 



0*2087 



+ 62 

+ 62 

+ 57 

+ 68 

+ 64 



•f29« 
+ 51 
- 16 



+ 57 
•f267 
+ 57 
+278 



•f284 

•f 57 

t% 

- 5 
+ 60 

•f 64 
+264 
+ 60 

•f64 



+ 57 
- 18 
+300 



+ 51 
- 22 
•f 50 



+ II 
+ 169 
-171 



:i: 



+210 
-210 
+221 



-227 
+218 
-211 
-_69 

•f 4 

+ 200 
-204 

•*• 4 

+207 
-195 



- 75 



- 75 
+ 72 



62,444 

71,776 

72.599 

74.795 
69,992 



42,201 
48.377 



36,168 
J5.IJ9 
40,14» 



35.819 

39.799 
37.260 

42^44 

28,134 

33,344 
29,918 

34.653 

14.653 
30,535 



29,506 
35.956 



46.4t5 
50,092 



52.1518 






68,276 


5,832 


— 


71,776 








72,051 


— 


548 


68,620 
71.707 


1,715 


6,175 


41,515» 

46,318 

50,415 


4~i7 
2,058 


- 


34.172 
34,015 
39,662 
35,339 


4,323 


2,333 
4,803 


34.447» 

39.250 

35.270 

42,132 

45,289 

27,448 


3,431 

4,972 
2,745 


4,529 


31,565 


3,431 


— 


T.'}^ 


3^980 


3,975 


33,966 


_ 


687 


29.849 
34,653 


47^18 


4^04 


28,114 


3^^ 


7.136 


47,347 


3,4JI 


2,745 



o-io6 

0*044 

0048 

0066 

0-079 
0*082 



0476 
0986 
0179 



0-256 
0*571 
0-151 

0*705 



0-276 
0-374 
0-379 
0978 
0*230 
0-294 

0-484 

0*276 
0-161 

0093 

0-390 
©•935 



0-103 
0-256 
o 138 



0-358 
o-6jo 
0-328 



thereby elongated, which aooonnts for the high limit of elasticity. 
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Table IX. — Results of Experiments for Determining the Modulus 



No. 
of the 
bar. 



Description of Iron or Steel. 



Hammered B^aaemer Steel from Hogbo— 
Marked 1*2 

; , , with the old number of bnrd- ) 

^ ness J -J. The bar No. 2 Table VIII. 3 



Table VI 



fti. 



The bar No. j 



!"} 



Hammered Bessemer Iron fh>m Hogbo— 
^ Marked with the old nomber of bard- ( 
' ness 5 \ 

Rolled Cust-steel fi-om Wikmansbyttam — 
Degree of hardness No. x 

Hammered Oast-steel from F. Krupp— 
Marked with two crowns 



Specific 

gravlQr 

of the 

bar. 



Amount of 
carbon 



In the 

bar 
tested. 



per 

cent. 



Inbars 
of the 
same 
kind. 



per 

I cent. 



Section 
astoi 



Form. 



Mean 
area 
before 

the 
experi- 
ment 



When the 
bar has not 
been heated. 



square 
inch. 



15 
16 

17 
18 

20 



Rolled Puddled Steel from Surahammar— 
C Marked b i. The bar No. 4 in' 
t Table VIII : 

C Marked n 1. The bar No. J In^ 
\ Table VIII \ 

Rolled Puddled Tron- 
From Low Moor 



Dudley 



,, Motala (Sweden) 

J ,, ,, ,, Thebar No. 81nl 
1 Table VIII f 

From Surahammar, marked » . . . . 



{ 



>> .» ,, ir H. The) 
bar No. 10 in Table VIH f 



Rolled Iron made in charcoal-hearth — 
~Vom Ärvd (Swed 
In Table VIIL 



uiicu Alvu uiouc lu vucu\.-uai-uean>u— 

f From^Ärydj^Sweden). The bar No 11. ( 



Rolled Iron made in charcoal-hearth— 
fYom HaUstahammar (Sweden) .. 



T 850 
■7-849 



7-878 
7-879 



r84J 

7-781 
7-828 

7-780 
7-461 

7*444 
7-7M 
7-7i4 
7-789 
7-807 

7-780 
7-761 

7 829 
7-854 



1-26 



o*i 
0-I5 



0-66 
0*56 



o'oj 



0-14 



1-J5 



o-6i 



0-20 
0-09 
0-09 



0*07 to 
o*x8 

Do. 



0-07 
0*07 



Round. 

Square. 

. Do. 



Do. 
Do. 



Round. 

Do. 

Square. 
Do. 

Round. 
Do. 
Do. 
Do. 

Square. 

Do. 

Do. 

Do. 
Do. 

Da 
Do. 



0-I82J 

o -1015 
0-1156 

o* 100 J 
o- I 107 

0-1691 

0-2065 

0*1214 
0-I56I 

0*1961 
0*1844 
o* 2006 

0-1942 

0-1229 
0-2176 
0-1269 

0*2087 
0*2279 

o* 1891 

0*1965 



lbs. per 
square inch. 



30,124,180 
JO. 604, 520 



J2,?20,020 
14,241,380 



JI, 222, 100 
31,359,140 

29,918,320 

31,976,920 
28,408,680 
27,448,000 
30,261,420 

29.575,3» 

31,064,860 

30,467,280 

26,761,800 
27,791,000 

28,957,640 
30,810,380 



The bar had 
just before 

the modiilas 
was taken 
obtained a 
permanent 
elongation 
of 



» For the bars in Table VIIL, which were .filed to smaller dimensions in the middle, this table shows only the 
3 The inflnence of the permanent elongation on the n:odulus of elasticity was first examined after the bar had 
3 The bars Nos. 2, 4, and 5, were not ordered at H€gbo, but were purchased in Stockholm. 
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been heated. 
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of Elasticity in Iron and Steel by Tbaotion. 



The Modulus of EUsticfty 



When the 

bar bad 

been heated 

to slight 

redness. 



The bar had 
just before 

the modulus 
was taken 
obtained a 
permanent 
elongation 
of 



Diminished 
by the bar 

having 
nndergone 
permanent 
elongation. 



The 

permanent 

elongation 

which the 

bar had 

obtained 

diortly 

before. 



Diminu- 
tion. 



By an increase of 
temperature. 



From 



To 



Dimin- 
ished on 
an aver- 
age for 
an in- Increase, 
crease of 
tempera-' 
ture of I 



By reduction of 
the temperature. 



From 



To 



Increase 
on an 
average 

fora 
decrease 
of tem- 
perature 
ofi-80 
F. = ^. 



iba. per 
square inch. 



per 
cent. 



per 
cent 



per 
cent. 



per 
cent 



Fahr. 



Fahr. 



per per 

cent cent 



Fahr. 



Fahr. 



per 
cent 



ji, 8^9, 680 

11,496,580 
14,584,480 



O'OOl 

o'oo6 
0*000 

0*017 



6-4» 
4.92 

9-24» 
6-5 



0-58 
066 

0-72 
o*6i 



r8 



+55 



+271 



O'OJI 



o*5 

I'O 



+50 
+48 



- 9 
-22 



o-oij 
0*025 



12,114,160 



10,110,040 



0*004 
0*015 



8*6 
6*2 



5-7 



o*7 
0*78 

o*i6 



4*2 
J-8 



+60 
•♦•59 



•f275 
+264 



0-015 
o-oii 



•f5o 
•f5i 



-27 



0*015 
o«o47 



10,779,000 



6-6 
7-76 



1*77 
0*72 



5*0 



•♦•59 



•♦•^84 



0*040 



1*9 



+48 



-25 



0*046 



10,741,760 



29.212,120 



10,810,180 



o-ooi 



4*3 
0*78 



0-54 
0*12 



J-7 



•f59 



+262 



o-oii 



•♦•55 



-25 



0*044 



mean area. 

and hence the per centage diminution of th« modulus which is here given should be referred to the value obtained alter heating. 

L 2 
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Results of Experiments to determine the 



Tablb X. — ^Besults of Expsbiments to determine the 
N.B. All the bars tested had a length of 4*3 feet 



Description of Inm or SteeL 



Specific 

gravity 

of the 

bar.i 



Amount 

of 
carbon 



In 
the bar 
tested. 



per 
cent 



Inbars 
oithe 



Jdnd. 



per 
cent 



Sectional area 
of bars not 
filed. 



Form. 



Sectional area 

of bars filed. 

Rectangular 

section. 



"^r^ width, 
or side. 



in. 



in. 



Average 
height. 



in. 



62 



15» 

i6 

1,2 



Hammered Bessemer steel from HOgbo— 
Marked i *o 

( Marked with the old No. of hardness j* 5,) 
t the bar No. 2 in Table IX S 

Hammered Bessemer iron from Hogbo— 
) Marked with the old No. of hardness 5, ) 
\ the bar No. 5 In Table IX S 

Rolled Bessemer steel— 

FromCarlsdal 

Rolled paddled steel ftom Sarahammar— 
Marked N x. the bar No. 9 in Table IX. 

, , B X, the bar No. 8 in Table IX. 

.. Pi 

Rolled paddled iroi^— 

From Low Moor 

From Middlesbroagh-on-Tees .. .. 

i The stem of a rail from Cwm Avon in ') 
< Wales, cat oat by a planing machine, > 
( and heated and rolled to a bar .. ..3 

Rolled paddled ux>n— 

From Motala. The bar No. 14 in Table IX. 

( From Sarahammar, marked N. The) 
\ bar No. 15 in Table IX f 

( From Sarahammar, marked N H. The ) 
\ bar Na 16 in Table IX. .. .. ..J 

Rolled iron made in charcoal hearth— 
From Aryd. The bar No. 17 in Table IX. 

fi 1* 18 ,, 

C From Hallstahammar. The bar No. 10 1 
I Table IX. Tf 

C From Hallstahammar. The bar No. 20) 
t Table IX f 



1-26 

0-I5 

099 

0*56 
0-66 



7 -868 
7*850 

7-879» 



7-828 
7-781 



7-780 



7*597 

7*734 
7*789 

7-807 

7-780 
7-761 

7*829 - 

7*854 i - 



0-7 



0*2 
0-97 



0-14 



o-i 

O'l 

0*07 
0-07 



Sqaare 



Sqaare 

Boond 
Ditto 



0-465X 



o'46ji 

0-5 
0*6162 



0*48 
0*3097 

0-3476 



0*3629 
0-3469 



o-i52J 



0*4890 
o*ji65 

o-i47i 



0*4029 
0-3474 



05009 



0*3238 


0*3251 


0*4588 


0*4702 


0-3473 


o*348j 


0*4513 


o*4533 


0*4791 


0-4690 


0*4052 


0*4520 


0*4263 


0*4584 



Remaeks.— The bars Nos. x, 2, and 3 were not ordered from Hogbo, bat were bought in Stockholm. 

The bar No. 2. which after annealing gave a modulus of elasticity of 30,535.900 lbs., on stretching was 
tested by bending in two directions at right angles to each other. The modulus of elasticity was 31,908,300 Ibe. 
in the one case, and 3i,565»ioo lbs. in the other. The fear was again annealed, but the modulus was not 
Increased to more than 32,388,640 lbs. per sq. in. 



* The specific gravity was taken when 

« The bars Nos. 2, 3, 6, 11, 13, 15. and 17, had been 

■ By annealing, the specific gravity 
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Modulus of Elastiottt in Iron and Steel by Flexion. 
eacli, the distance between the supports being 4 feet. 





The modolns of elasticity. 




When the 
iMrhadnot 
been heated. 


When the 

bar had 

been heated. 


Decrease 
by the 

per- 
manent 

de- 
flection 
of the 

bar. 


The per- 
manent 
deflection 
which the 
bar had 
obtained 
immedi- 
ately 
before. 


De- 
crease 
through 
hardf>n- 

ing. 


De- 
crease. 


^y increase 

in the 
temperatore. 


Average 

tion 
by an 
increase 
of tem- 
perature 
of 1-8° 


In- 
crease. 


Qy reduction 
of tempera- 
ture. 


Average 
increase 
l^ re- 




From 


To 


From 


To 


duction 
of tem- 
perature 
ofx-8» 




lbs. per 
sq.hiGh. 


lbs. per 
nq.hich. 


per 
cent 


hk 


per 
cent 


per 
cent 


Fahr. 


Fahr. 


percent. 


PCT 

cent 


Fahr. 


Fahr. 


per 
cent 




30,760,146 




1-55 


0-1476 


I'O 


198 


+59 


+266 


0-317 


0-64 


+57 





0*020 




— 


31,908,300 


— 


— 


— 


— 


— 


— 


— 


— 


— 


— 


— 




- 


32,388,640 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 


► 


- 


- 


- 


- 


3-2 


- 


- 


- 


- 


I -12 


+57 


+ 2 


0036 




29,2i2,I20 


30,741,760 


» 


— 


i-i 


3-28 


+51 


+269 


0-027 


1-44 


+57 


+ 2 


0-046 




— 


30,673,140 


— 


- 


— 


- 


— 


— 


— 


I'20 


+59 


-2 


OOJ5 




"■ 


— 


— 


— 


1-6 


2-18 


+60 


+ 257 


0'020 


0-48 


+50 


+ 14 


0-024 




— 


— 





— 


— 


— 


— 


— 


— 


095 


+66 


+9 


0-030 




— 


— 


— 


— 


— 


— 


— 


— 


— 


I »02 


+60 


+5 


OOJ3 




27,310,160 


27,379,380 


- 


- 


- 


- 


- 


- 


- 


1-33 


+66 


+5 


0*040 




— 


29,849,700 


.. 


_ 


— 


— 


— 


— 


— 


I-I4 


+66 





0-031 




JO, 810. 380 


30,810,380 


1-88 


0-4476 


- 


2«6o 


+57 


+ 273 


0'022 


0-96 


+55 


-2 


0-030 




- 


31,839,680 


- 


- 


- 


- 


- 


- 


- 


099 


+66 


+ 11 


0032 




27,585,240 


27,585,240 


»•47 


0-0813 


_ 


4-o6 


+57 


+260 


0-036 


1-18 


+57 


+ 2 


0-038 




— 


27,516,620 


— 


- 


— 


- 


— 


— 


- 


— 


— 


- 


— 




ji,o84,86o 


31.290,720 


0-70 


0-7034 


— 


— 


- 


— 


- 


i-ii 


+66 





0-030 


' 


— 


30,398,660 


— 




— 


— 


— 


— 


— 


— 


— 


— 


— 



The bar No. 13 was bent tbrooghont the whole of its length, and straightened again. The modulus of 
elasticily was tiius decreased 6*6 per cent 

ilie modulus of elasticity of the annealed bar No. 15 on flezkxi was first 27,379^350 lbs., and by repeated 
annealing did not Increase to more than 27,516,620 lbs. per sq. in. 



the bars were in their origuial state, 
heated immediately before the experimentti. 
was increased to 7-882. 



APPENDIX 

BY THE TRANSLATOR. 



1. Introduction. — 2. Experiments on Iron exposed to sadden shocks at di£ferent 
Temperatures, the elasticity of the supports remaining constant or nearly so. 
— 3. Results of the experiments. —r 4. Conclusions. — 5. Probable cause of 
these results. — 6. Steel versus Iron. ' 

1. Introduction, 

Although the extensive series of experiments conducted by the 
Swedish Government Committee (consisting of Messrs. Ekman, 
Styffe, and Grill), and described by the author in the previous 
pages, had for their special object, to determine the value of 
Swedish raw material for the manufacture of railway plant, — 
such as rails, axles, wheels, tyres, springs, &c., — yet considering 
the accuracy with which these experiments were performed, their 
reference to materials obtained from other countries, and the 
value of the conclusions to which they led, the translator has 
been induced to regard them as worthy of attention not only by 
railway engineers in general, but also by manufacturers of iron 
and steel. 

At the present time, when " Steel versus Iron " is the great 
engineering question of the day, it becomes of special import- 
ance to collect all information tending to throw light upon the 
subject, when founded upon experience, and free from partiality. 
In considering whether steel should be substituted for iron, 
certain objections have long been brought forward, especially 
in those countries which suffer from a severe climate, such, for 
instance, as the Scandinavian Peninsula, Eussia, Canada, and 
the northern part of America.* On this point the author has, by 



^ The general objection to the use of steel as a substitute for iron, is the want 
of uniformity in the manufacture. If steel could be depended upon in regard to 
strength, elasticity, &c., it would shortly take the place of iron at a considerably 
increased price. — W. Fairbairn. 
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his elaborate experiments, arrived at certain remarkable results 
which run directly counter to the general belief — ^results which 
show indeed that iron and steel are, if anything, actually stronger 
when exposed to severe cold than at ordinary temperatures. 
This was found to be the case in several experiments where 
iron and steel were tested as to extensibility, strength, and 
resistance to flexure. The author cannot, however, deny the 
fact that iron as well as steel when employed as railway 
material, and consequently exposed to sudden concussions, 
breaks more frequently during extreme cold than at ordinary 
temperatures ; but he explains this fact by referring to the 
diminished elasticity of the supports on which the metal 
rests." The author also admits that it is just when exposed 
to the most intense cold that fracture most commonly occurs ; 
but this too he refers to the same cause, and concludes from hili 
experiments on the elasticity of a wet wooden sleeper, that on a 
reduction of temperature from 35° to 2° F. the elasticity of the 
ground would be diminished by twelve per cent, (see page 113). 
From these experiments the author considers that the only means 
to prevent accidents on railways exposed to a severe climate is 
either to lessen the speed during winter or to give the rolling 
stock more elasticity by employment of india-rubber springs or 
otherwise. 

In the winter of 1865, which was the first during which 
express trains were run between Stockholm and Gothenburg, 
an accident occurred which threatened to cast a mantle of 
mourning over the whole of Sweden. One morning in January, 



^ It does not appear that rigid supports, such as frozen ground, constitute the 
sole cause of the deterioration of iron and steel at a low temperature. It would 
operate to a small extent, but not sufficiently to account for the limited power of 
resistance as shown in the Table (p. 162 et seg.) at low temperatures. There is 
doubtless a molecular change in the material between the extremes of high and 
low temperatures, but even these are not considerable, as may be seen by my own 
experiments. It will be observed that these experiments commenced at a tem- 
perature of 30° below the freezing point of Fahr. up to 212° and 435° consecu- 
tively, and also to a red heat perceptible in daylight. Throughout all these 
changes, the tensile strength of plates and bar-iron was not seriously injured, and 
gave widely different results from those obtained in your case by impact. From 
this it would appear, that the tenacity of iron bars and plates is not seriously 
injured at a temperature as high as 435°, which is the maximum tensile strength, 
nor do they appear to suffer to any great extetit when the temperature is reduced 
to 30° Fahr. At this temperature the elasticity is however considerably impaired, 
and much greater risk is incurred if subjected to vibratory action or a series of 
impacts. See paper * On the Tensile Strength of Wrought Iron at various Tem- 
peratures,* published in the * Transactions of the British Association for the 
Advancement of Science,' for 1856, p. 405.— W. Fairbairn. 
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when the thermometer stood at — 20° F., His Majesty King 
Charles XV. left Stockholm by the ordinary express train. 
After proceeding for some hours at the speed of about 35 miles 
an hour, the tyre of one of the wheels under the royal car- 
riage broke in three pieces, and the carriage having left the 
rails was dragged along the ballast for a considerable distance. 
Providentially no one was injured. Two days afterwards at 
a similar temperature another accident occurred also through 
a broken tyi*e, but fortunately was attended by no serious 
result beyond the shock given to a postmaster, who was in 
the mail-van, which rolled down a steep embankment. The 
occurrence of a third and similar accident, also during this 
severe weather, induced the railway authorities to decide on 
slackening the speed during the winter months to about 25 
miles per hour; and since then no accident of that kind has 
occurred. The tyres which broke in these cases were of iron, 
made in England, and were fastened with bolts to ordinary iron 
wheels. Wooden disc- wheels have since been adopted with 
solid tyres, or without weld ; and at the same time india-rubber 
springs have been introduced between the frame and the body 
of the carriages : these improvements have considerably in- 
creased the comfort of the passengers, and have prevented the 
occurrence of further accidents. It is remarkable that the 
three above-mentioned accidents should all have happened 
on the very days when the cold was severest, viz. — 20° F., but 
that none occurred during a frost in which the theimometer 
did not fell below 5** F. — ^a temperature by no means rare 
during several consecutive weeks in a Swedish winter. 

In order to investigate the cause why iron in cases such 
as those just cited, is disposed to break more readily when 
subjected to blows during extreme cold than at ordinary tem- 
peratures, and in order to determine how far this is really 
due to diminished elasticity of the supports, and how far to 
increased brittleness in the metal itself, the translator pro- 
posed to the Koyal Administration of Government Eailways 
the execution of some experiments on a large scale and in 
a simple but practical manner. As the results of these inves- 
tigations have already been given (note to page 114), the 
translator will now record the full details of these experiments, 
which tend to contradict some of the author's conclusions, as 
mentioned above. 
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2. Experiments on Inm exposed to sudden Shocks at different Temperatures, 
the Elasticity of the Supports remaining constant or nearly so. 

Having been charged by the Koyal Administration aforesaid 
with the execution of these experiments, the translator submitted 
his proposed modus operandi to the author. The greatest difficulty 
was to find supports which would not be affected by differences 
of temperature. It was assumed, however, that the elasticity of 
granite would not vary within the range of temperature between 
a hot summer and a cold winter day ; or at least not to an extent, 
sufficient to vitiate the results of the experiments. Accordingly 
the translator conducted his investigations in the following man- 
ner ; — A granite rock near Stockholm was levelled in sitUj and 
upon this plane surface two cubic blocks of granite, each contain- 
ing about ten cubic feet, were placed four feet apart, to serve as 
supports. A ball, weighing 9 cwt, was so adjusted that it could 
be raised to a height of 15 feet, and then allowed to fall on the 
rail, midway between the supports.* The bars tested were iron 
rails from the Aberdare Works in South Wales, and from Le 
Creusot in France — ^all bars being of exactly the same section, 
and made under the superintendence of the translator. Each 
rail was of Yignole's section, weighing 66 lbs. per yard, and 
measuring 41 inches high and 4 inches broad at the base. 
Two rails made in Belgium at the works of Messrs. Dorlodot 
were also tested, but these were of a lighter construction, weigh- 
ing only about 50 lbs. per yard. All the rails were tested by the 
ball falling from a height of 5 feet for the first blow, with an 
increase of 1 foot for each succeeding blow until fracture occurred ; 
the deflection being measured after each impact. A small piece 
of wrought iron was placed on the top of each rail-head so as to 
concentrate the effect of the blow, within a width of 1 J inch. 
Each rail was first broken in the middle, and both halves (each 
10*5 feet in length) were marked with the same number. Com- 
parative experiments were then instituted with these halves, one 
being tested during the most severe cold of winter, and the other 
on a hot summer day, the average temperature during the former 



' I may mention that all rigid supports are objectionable for the supports of 
railway bars, and that a compressible and elastic substance, such as wood bedded 
on earth is infinitely superior to stone-blocks, as the timber and porous earth act 
as a cushion to the rolling load. Many hundreds of miles laid with stone blocks 
had to be replaced with wood-sleepers at the commencement of railways. — 
W. Fairbairn. 



App. Results of the Experiments. 1 5 5 

experiment being 10° F., and during the latter 84° F. Unfortu- 
nately the winter was so far advanced when these experiments 
were commenced that the temperature never fell below 10° F/ 
Some of these rails were also tested in a similar manner at a 
temperature of 35° F. 

The first part of the investigation was conducted under the 
personal superintendence of the translator, assisted by a foreman 
in the Government Eailway Service. The latter part of the 
investigation (or the series of summer experiments) was, how- 
ever, conducted by this foreman, in the absence of the trans- 
lator, who was occupied in England during the entire summer on 
Government business. He has, however, every reason to believe 
that the experiments made in his absence are worthy of reliance. 
The Table on p. 162 el seq. gives the full details of these experi- 
ments, showing the length and quality of each rail, the number of 
blows deliver^, the height of the fall of the ball, the deflection 
produced by each blow until fracture occurred, and the tem- 
perature at which the experiments were severally made. On 
examining this table, the first result which strikes the observer 
is the great variation in strength exhibited by different rails 
when broken in the middle. For example, Eail No. 4 broke 
at the first blow by a 5-feet fall, whilst another rail from the 
same works, No. 5, resisted five blows, each with an increasing 
height of one foot in the falling ball. Such a difference will, 
however, be easily understood by those practically acquainted 
with the manufacture of rails, when they remember how often 
the quality of the iron varies even in the same works, and how 
much it is influenced by the length of time the pile is kept in 
the furnace, and its liability to be over-heated if left there too 
long ; all these cauLses having a tendency to make the rails differ 
widely in strength. It may nevertheless be fairly assumed that 
one-half of a rail will not differ to any great extent from the 
other half of the same rail ; and it is on this assumption that 
the value of these experiments is based. To those, however, 
who urge that there may be a difference even in the same rail, 
it may be said that the great number of bars tested (namely, 
seven from Aberdare, five from Creusot, and two from Dor- 
lodot's) would still give an ayerage result sufficient to lead to 



* In Sweden and Norway, and all northern countries where the winters are 
severe, double thickness in the wood-sleepers would offer increased security to the 
rails, and remove the jar or vibrating motion from the rails and the rolling load, 
— W. Fairbairn. 
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definite conclusions. The total height expressed in feet from 
which the ball fell before each rail broke may therefore serve 
as a comparative numerical expression for the resistance and 
strength exhibited in these experiments. 

3. Besults of the Experiments, 

From the details given in the Table on p. 162 d 8eq., we deduce 
the totals, shown in the following tabular form : — 

Total Height ^f the Fall of the Ball, required to break each 
Kail at different Temperatures. 





No. of 
KaJIs 
tried. 


Bails 21 Feet long. 


Bails 10-5 Feel 


t long. 


Works where the Raila were 


Temperature, F. 




made. 


84° 


350 xoP 


840 1 350 


i<^ 




Total Height of FaU in Feet 


Aberdare (Wales) .. .. 
» » » » •• •• 
» » » » .... 
* > »1 .... 

9 1 * > .... 
» » It •» • • 
t > 1 » .... 






II 

II 

18 

5 

45 


] 


I 
5 


45 
56 
35-5 

56 
35 


26 
26 
11 

5 


18 
5 

5 


Le Creuflot (France) 

t t ti •• .. 
» » » » •• •• 
»t > f •• •. 

9 > >> .... 






26 
18 
II 

35 
26 






45 
35 
35 
45 
35 




26 
II 
i« 
II 
5 


r)orlodot*8 (Belgium) . . 
* 1 > t 






•• 


4 
4 


22 
30 




9 

4 


Average of— 

7 English Rails 

5 French do 

2 Belgian do 


•• 


•• 


18 

23-2 


8 
4 


49'6 
26 


17 


9-3 

14*2 

6-5 


Average of— 

3 English Bails 

5 French do 

2 Belgian do 


•• 


•• 


•• 


•• 


39 




II 



Thus the average results obtained from ten rails show that 
one end of a bar tested at 84° F. resisted a blow from the heigU 
of 39 feet, whilst the other end, tested at 10° F., only sustained 
a blow from the hdghl of 11 feet. 
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This table gives the number of each rail, the total fall in feet 
by which the rail was first broken in two, and the resistance of 
each half thus obtained when tested at different temperatures. 
The total of the results for each kind of rail divided by the 
number examined gives the average for each make, as shown in 
the lower part of the table. The results thus obtained show that 
when the elasticity of the supports remained constant, the same 
rails tested by sudden shocks at temperatures of 84° F. and 10° 
, F. exhibited differences in strength which may be expressed by 
the numbers 39 and 11 respectively ; these figures representing 
the total height in feet of the falling ball which the two halves 
of each rail resisted when tested, the one at 84° F., the other at 
10° F. 

4. Conclitstons, 

From these experiments the translator is led to draw the fol- 
lowing conclusions : — 

1. That for such iron as is usually employed for rails 

in the three principal rail-making countries (Wales, 
France, and Belgium), the breaking strain, as tested 
by sudden blows or shocks, is considerably influenced 
by cold ; such iron exhibiting at 10° F. only from one- 
third to one-fourth of the strength which it possesses 
at 84° F. 

2. That the ductility and flexibility of such iron is also 

much affected by cold; rails broken at 10° F., showing 
on an average a permanent deflection of less than one 
inch, whilst the other halves of the same rails, broken 
at 84° F., showed a set of more than four inches before 
fracture. 

3. That at summer-heat the strength of the Aberdare rails 

was 20% greater than that of the Creusot rails ; but that 
in winter the latter were 30% stronger than the former. 

5. Probable Cause of the Results obtained hy Experiments on Concussion at 
different Temperatures. 

We have long been familiar with the term " cold-short " as 
applied to iron, and have supposed that the presence of phos- 
phorus induces this property by rendering the metal extremely 
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brittle when exposed to ool(L* The experiments just described 
were certainly made with cold-short iron (unfortunately the 
amount of phosphorus was not determined, but rails from 
Cwm Avon were found to contain 0-24% of phosphorus, as 
shown on p. 132), and it is therefore not improbable that the 
phosphorus generally present in iron rails may have given 
rise to the apparent contradiction between the translator's 
results and those deduced from previous experiments made by 
the author. It should, however, be remembered that the 
translator's results were obtained by sudden shocks, whilst 
the author's experiments were on gradual bending and stretch- 
ing ; so that the two results are not fairly comparable. It 
is only when the author applies aw experiments to railway 
materials (which from their position are necessarily exposed 
to sudden shocks), and thence concludes that such materials 
are more subject to fracture in winter than in summer, ^oidy 
throfigh a difference of elasticity in the sujpports, that the trans- 
lator feels compelled to differ from him. Although the experi- 
ments on which the translator grounds this opposition were 
made with a somewhat rude arrangement, yet they clearly show 
that at any rate such iron as that generally used for rails is in 
its resistance to blows influenced to a very great extent by cold. 
Had the iron been free from phosphorus, or nearly so, it is highly 
probable that different results would have been obtained. It is 
also to be regretted that the effect of temperature on the strength 
of superior kinds of iron and steel was not determined at the time 
the experiments were made ; no steel rails had, however, been 
then imported into Sweden. 

6. Steel versus Iron. 

It may be seen from the author's experiments, as well as from 
his conclusions, that for the most important articles steel is re- 
commended in preference to iron ; and for countries which, like 
Sweden, suffer from severity of climate, the author recommends 
a mild steel, not only for railway materials but also for ship- 
plates, bridges, girders, boilers, and indeed for nearly all the 



^ No doubt phosphorus and sulphur may account for the loss of strength indi- 
cated in these experiments, but is inconclusive unless the quantity is determined. 
— ^W. Fairbairn. 
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principal articles of ordinary iron-mannfactiire. The anthor 
justly says that it is only in consequence of its high price that 
steel has hitherto been retarded in its advance as a substitute 
for iron ; but now, through the invention of the Bessemer pro- 
cess and the great progress it has recently made, this obstacle 
is removed to a very great extent. 

In these remarks the translator fully concurs, and he has 
therefore united, in Plate IX., the two Plates III. and IV. ; 
and has drawn with black lines all the curves showing the 
tensile strength of Bessemer and cast steel, leaving the other 
curves in dotted lines. 

From this table it may be easily seen that the Bessemer 
material is capable of standing nearly the same test of tensile 
strength as any other steel — ^whether made by puddling, by 
charcoal-refining, or by the cast-steel process — provided that 
the raw material is equally free from phosphorus, and that the 
product obtained has the same degree of hardness, or in other 
words contains the same proportion of carbon. The curves run 
very nearly parallel from the hardest steel with 1*2% of carbon 
to the softest iron with 0*2%, although the product might have 
been made by different processes, in different countries, and 
from different raw materials. In the properties of iron or 
steel made by dissimilar methods there may be slight differ- 
ences as to soundness and homogeneity, which are not shown 
by these experiments. In this respect, however, Bessemer 
steel and cast-steel are certainly preferable to iron or puddled 
material, since this is seldom free from welding-joints. 

On this point the translator would only remark that all the 
Bessemer steel, the results of which are represented in curves on 
the plan, was made from pure Swedish charcoal pig-iron, which 
contained but a very small proportion of such impurities as phos- 
phorus and sulphur, and only about 1% of silicon. It has lately 
been observed in several works in England that the action of 
silicon is similar to that of carbon in giving hardness to steel. 
The same thing has also been found in practice in Austria, for 
on changing the raw material from charcoal to coke pig-iron the 
steel acquired hardness and brittleriess (see Professor Tunner's 
letter to Dr. Percy in a paper " On the Manufacture and Wear 
of Rails." — Proc. Inst. Civ. Engineers, 1868). 

All the pig-iron used in England and in Westphalia for the 
Bessemer process is made by coke from Haematite ore, and con- 
tains on an average 2-5% of silicon. Although the amount of 
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impurities in the shape of phosphorus and sulphur is not greatly 
in excess of that present in charcoal pig-iron, yet the steel pro- 
duced from the coke iron is not equal in quality to that made 
from charcoal iron. As long therefore as any abundance of char- 
coal pig-iron may be obtained in the market at an advanced price 
of not more than 20«. per ton — whether from Canada, Nova 
Scotia, Sweden, or Norway — it would be bad policy for manufac- 
turers of steel by the Bessemer process to allow so slight a diffe- 
rence in the cost of the raw material to affect their considerations, 
especially when manufacturing superior articles — such as shafts, 
axles, tyres, girders, plates, &c. For rails, however, coke pig- 
iron is sufficiently good if properly converted in the Bessemer 
vessel The choice of raw material is of more importance for 
the Bessemer process than for any other mode of manufacture, 
since the impurities are not carried off to the same extent by that 
process as they are, for example, by puddling. It may be of 
interest to mention that even with the Swedish charcoal pig- 
iron the best qualities yield a superior steel by the Bessemer, 
as well as by all other processes. The Dannemora iron, for ex- 
ample, has yielded a Bessemer steel, which has been tested in 
Sheffield for use in cutlery with the most satisfactory results, 
and found superior to the Bessemer steel made from ordinary 
brands of Swedish pig-iron. 

The continued reduction in the price of Bessemer and cast- 
steel by improvements in their manufacture is certainly of the 
greatest benefit to the world. Indeed, there is every reason to 
believe that ere long we shall obtain Bessemer steel for the same 
price as iron, and thus avoid all want of homogeneity from 
welding-joints and other causes ; the only difference being an 
addition of about 20«. per ton in the price of the pig-iron em- 
ployed, for the fuel and labour expended in the Bessemer process 
have already been reduced to the same as, or even to less than, 
their cost by either the puddling or the finery process. 

For the determination of the carbon, silicon, sulphur, phos- 
phorus, and other constituents of steel, there are already many 
new methods in successful operation at the different steel 
works ; nearly all of them now possessing a laboratory and a 
chemist of their own, which is but seldom the case at iron 
works. Still it behoves the consumer to pay much more regard 
to a thorough examination of the character of the steel which 
he receives, and not to be led away by mere lowness of price ; 
for the loss resulting from a single accident due to inferior 
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metal may far exceed the amount saved in the difference ol 
cost between good and bad material. Having himself no 
interest to advance in advocating the employment of either 
one or the other material, the translator is disposed to think 
that the author's experiments, performed as they were with 
the greatest accuracy, skill, and impartiality, and at the expense 
of a foreign Government, may not be without interest to the 
manufacturers, as well as to the constimers of iron and steel 
in this country. He therefore indulges the hope that his task 
of translating the work into the English language may not be 
altogether in vain. At the same time he solicits the indulgence 
of the public for the errors that he may unwittingly have com- 
mitted, and begs in conclusion to tender his sincere thanks to 
Dr. Percy and Dr. Fairbairn for their valuable assistance. 
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Experiments with Rails. 



TABLE TO THE APPENDIX. 

ExPBBiMENTB WITH Bailb, tested by a Falling Weight at difiFerent 
Temperatures, conducted by the Translator for the Swedish 
Gk)yemment Administration, Stockholm. 1867. 





No. of 
blows. 


Height 
of fall 
of the 
ball 
in feet 


Perma- 
nent 

deflec- 
tion. 


Tempe- 

D-vv^ rature. 
Broke. ^^ 

Fahr. 


Abeidare rail No. i. 2i ft. long 




5 


I 


35 


» t » » • • 




6 


.. 


Broke : , , 


One half of the same rail 




5 


I 


* * 


» » » » 




6 


If 






» » » » 




7 


2i 






}f »» ....,, 




8 




Broke 








5 


1 




84 


»1 9 1 .... 




6 


ij 






« » » » .... 




7 


2) 






f ) « » .... 




8 


4} 






Became twisted and could not be testedj 
farther \ 




9 


5i 








10 


6 


Broke 




Aberdare rail No. 2. 21 ft. long 




5 


\ 




35 


> > f » • • 




6 




Broke 




One half of the same rail 




5 


*i 






» » ♦ » 




6 


If 










7 


2f 






)» »♦ •• •• •• 




8 




Broke 




The other half of same rail 




5 


7 




84 


» ♦ » » 




6 


if 






,, ,, 




7 


2I 






, , t , 




8 


4 






, , , , 




9 


51 






» » ♦ » 




TO 


6f 










II 




Broke 




Aberdare rail No. 3. 21 ft. long 




5 


\ 




35 


»1 » » •• 




6 


I 






1 1 » » 




7 


, . 


Broke 




One half of same rail 




5 


f 






>t >t 




6 




Broke 




The other half of same rail 




5 


^ 




84 






6 


li 






f » 1 1 

Became twisted and could not bef 
properly tested further \ 




7 
8 


3 

4t 








9 


4^ 


Broke 
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Table to the Appendix — wniinueå. 



No. of 

blOWB. 



I Height 

offaU 

of the 

baU 

in feet 



Pernia- 
nent 

deflec- 
tion. 



Broke. 



Tempe- 
rature. 

Deg. 
Fahr. 



Aberdare rail No. 4. 21 ft. long 

The one half of same rail 

The other half of same rail 

» » » » ...... 

» » » » 

» » » » 

Became twisted and oould not be triedj 
further \ 

Aberdare rail No. 5. 21ft 



One half of the same rail 
The other half of same rail 



Aberdare raU No. 6. 21 ft. 

The one half of same rail 
The other half of same rail , 



Aberdare rail No. 7. 2 1 ft. 
The one half of same rail . 
The other half of same rail . 



5 
5 
5 
6 

7 
8 

9 
10 



5 

6 

7 
8 

9 
10 

5 
6 

7 
5 
6 

7 
8 

9 

10 



S 

6 

5 
5 

6 

7 
8 

9 

10 
II 






Broke 
do. 



Broke 



\ 

I 

■A 

31 

"\ 

I 

3 

3 

4é 
6 

7é 



4 

51 



3 
4i 



Broke 
Broke 

Broke 



Broke 
do. 



Broke 



Broke 
do. 



Broke 



35 

J > 
84 



35 



84 



84 



84 



Kehabks. — The rails were supported by two granite blocks, 4 feet apart, 
which rested on a planed granite-rock. The weight of the ball was 9 cwt.^ 
and the permanent deflection was measured between a distance of 4 feet. 
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Table to the Appendix — canivmeå. 



No. of 
blows. 



Height 
of foil 
of the 
ball 
in feet 



Perma^ 
nent 

deflec- 
tion. 



Bn^e. 



Tempe- 
ratore. 

Deg. 

Fahr. 



Oreusot rail No. i. 21 ft. 



The one half of same rail 



The other half of same rail 



Creuflot rail No. 3. 31 ft. 

One half of the same rail 
The other half of same rail , 



Oreusot rail No. 3. 21 ft. 

One half of the same rail 
> > » » 

The other half of same rail 



Oreusot rail No. 4. 2 1 ft. 

> > > > 

» » » » 

One half of the same rail 

» » > > 

The other half of same rail . 



5 
6 

7 
8 

5 
6 

7 
8 

5 
6 

7 
8 

9 
10 



5 
6 

7 
8 

9 
5 
6 

5 
6 

7 
8 

9 

10 



å 

I 



Broke 



Broke 



Broke 



I 
4 



Broke 
Broke 

Broke 



•} 



2I 



Broke 
Broke 

Broke 



I 
2? 



\ 
If 

2f 

4 
4i 



Broke 
Broke 



I Broke 



35 



84 



35 



84 



35 



84 



35 



84 
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Table to the Appendix — eonftntted. 





No. of 
blows. 


Height 
of fall 
of the 
baU 

in feet 


Perma- 
nent 

deflec- 
tion. 


Broke. 


Tempe- 
rature. 
Deg. 


Oreusot rail No. 5. 21ft. 

» » > » 

J > > > 

One half of the same rail 

The other half of same rail 

> > - > » 

> » »J 

> » > » 

> J > > 


3 

5 


5 
6 

7 
8 

5 

5 
6 

7 
8 

9 


i 

I 

x| 
2} 

4 


Broke 
Broke 

Broke 


35 

) } 

» > 
10 

84 

1 » 

> > 


Belgian rail No. I. 21ft 

One half of the same rail 

The other half of same 'rail .. !. 

J » »J 

> > J > 

» » » > 




4 
4 

5 
4 

1 

7 


I 


Broke 
Broke 

Broke 


10 

10 

84 

» > 
» » 


Belgian rail No. 2. 21ft 

One half of the same rail 

The other half of same rail 

> » > > 

J J J » 

> J 11 

) J » » 




4 
4 
4 

5 
6 

7 
8 


'i 

2 

3i 
4i 


Broke 
Broke 

Broke 


10 

> > 

84 

> > 
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Abebdabe rails, 154. 

, strength of, compared with Oreu- 

sot rails, 157. 

tested by impact, 156, 162, 163. 

Absolute or tensile strength of iron 

and steel, 39, 71. 

, effect of temperature on, 111, 138. 

, increased by proportion of carbon, 

45, 71. 
, influenced by phosphorus and slag 

in iron, 47, 71. 

y not diminished by cold, 100, 111. 

, raised by hardening, 52, 72. 

, raised by mechanical treatment, 

42,71. 

, reduced by annealing, 42, 71. 

Accidents on Swedish railways, 152. 
Ångstböm commenced the investiga- 
tions, 2. 
, his method of inserting bars in 

testing-machine, 9. 

on strain of railway axles, 84. 

Annealino reduces strength and limit 

of elasticity, 42. 

increases extensibility, 42. 

Appendix, 151. 

Application of results of experiments 

on tensile strength, 73. 
Abea, measurement of sectional, in 

bars, 12, 60. 
-~- of fracture, breaking load on, 41. 
Abtd iron, 25. 

, effect of hardeniog on, 136. 

, modulus of elasticity of, 146, 148. 

, strength of, 47, 132, 140. 

AsHOBOFT, letter from, to translator, 

75. 
Axles, proper hardness of steel for, 85. 

B. 

Belgian rails, 154. 

tested by impact, 156, 165. 



Bj 



OOBBECnON. 

steel and iron. 24, 159, 160. 

, advantages of, 160. 

, purity of, 89. 

rails, 74, 75. 

, strength of, 130, 136, 138, 159. 

BoLCKOW and Vaughan's iron, 25. 

Bbidoes, steel, 74. 

Bbittleness of untempered steel, 52. 



Calculation of elongation of stretched 

bars, 6. 
of error in measuring stretched 

bars, 20. 
of constants of machine for testing 

strength, 7. 
Oabbon, ite effect on mechanical pro- 
perties of iron and steel, 45. 
C abbe's freezing apparatus, 91. 
Cast-steel, 24. 

, strength of, 130, 138. 

Chalk Fabm, experiments on rails at, 

74. 
Chabooal iron, strength of Swedish, 

132, 140. 
Chenot on carburization of iron in oil 

at ordinary temperatures, 101. 
CiNDBB, its effect on iron, 47. 
Civil Engineers, Inst, of, discussion on 

steel rails at, 75. 
Cleveland iron, 25. 

, its extensibility, 48. 

, its strength, 47, 132, 140. 

Cold, effect of, on railways, 113. 

, fracture of iron articles in, 112. 

, limit of elasticity raised by, 108, 

112. 
, tensile strength and extensibility 

not affected by, 100, 111. 
, translator's experiments on im- 
pact in, 157. 
CoNOussioN, strength of iron exposed 

to, 154, 157. 
Constants of the testing-machine, 7. 
CoBBECTiON of elastic elongations as 

measured, 57, 

1 The Swedish characters Ä and Ö should in strictness he placed at the end of the alphabet, bat 
for the convenience of the English reader they are here placed under the corresponding unmodified 
letters : thus^ Å will be found under A, and Ö under O.—TroMUOor. 
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Index, 



OOULOHB. 

Coulomb on effect of hardening on mo- 
dulus of elasticity, 58. 

Gbeubot rails, 154. 

^ strength of, compared with Aber- 

dare rails, 157. 

tested by impact, 156, 164, 165. 

Gronstband assisted in the experi- 
ments, 2. 

CuBYiBS of elongation, 17, 26, 88. 

CwM Avon iron, 25. 

, strength of, 132. 



Dannemoba iron yields excellent Bes- 
semer steel, 160. 

Defdhtion of extensibility, 1. 

Definitions of limit of elasticity, 27, 
28, 80. 

Doblodot's rails, 154, 165. 

DowLAis, steel>headed rails made at, 75. 

Dudley iron, 25. 

, its strength, 48, 132. 



Eogebtz'b method of determining car- 
bon, 46. 

EiiAsnc elongations, correction of^ 57. 

proportional to stretching force, 17. 

Elasticity of ground at different tem- 
peratures, 113, 152. 

^ limit of^ at different temperatures, 

102, 106, 142. 

, limit of, definition of, ordinary, 

27 ; author's, 30 ; Fairbairn's, 30 ; 
Wertheun's, 28. 

, limit of^ increased by carbon, 45, 

71 ; by hardening, 72 ; by mechan- 
ical treatment, 36, 71 ; and by phos- 
phorus, 71. 

, limit of, lowered by annealing, 42. 

, modulus of, 52. 

, modulus of, apparatus for deter- 
mining, 55. 

, modulus of, causes which affect, 

66. 

^ modulus of, example of deter- 

mimng, 62. 

, modulus of, formula for calculat- 
ing, 54. 

, modulus of, influence of tempera- 
tare on, 102, 112. 

, modulus of, on flexion, 148. 

, modulus 0% on traction, 146. 



Elongation, curves of, 26, 38. 

, mean, between limit of elasticity 

and fracture for a definite load, 43. 

Elongations, elastic, correction of, 57. 

, increase of permanent, by in- 
creased loads, 134. 

Ebbob in measuring stretched bars, 20. 

in obtaining modulus of elasticity, 

61. . 

Extensibility, definition of, 1. 

, experiments on, 16. 

, hardening, effect of, on, 136. 

, importance of, in certain struc- 
tures, 76. 

increased by annealing, 42, 71. 

lowered by carbon, 45, 71. 

— ^ lowered by mechanical treatment, 
42, 71. 

not diminished by cold, 100, 111. 



Faibbaibn, his notes, 30, 151, 152, 154, 

155, 158. 

, his results confirmed, 101. 

Fibbous fracture of bars, 41. 

structure developed by rolling, 49. 

Flexion, experiments on, at difierent 

temperatures, 115, 122. 

^ modulus of elasticity on, 118, 148. 

, modulus of elasticity on, affected 

by temperature, 121. 
FoBMULA for modulus of elasticity on 

traction, 54 ; on flexion, 118. 

for limit of elasticity, 31. 

Fbactube, fibrous, 41. 

of iron in severe cold, cause of, 112. 



G. 



Gbadually-afflied tensile strains, 81. 
Gbaphio representation of elongation 

of stretched bars, 26. 
Gbavity, specific, of iron on traction at 

different temperatures, 101, 139, 141. 



Habdening, effect of, on strength- and 
extensibility, 136. 

iron and steel increases strength, 

52. 

steel diminishes modulus of elas- 
ticity on flexion, 122. 

Hardness of steel, proper degree of, 
for tyres, &c., 85. 
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HiOH temperatures, experiments on 

tension at, 90, 97, 138. 
HoDOKiNSON on effect of time on elon<* 

gation of bars, 18. 

on modulus of elasticity, 53, 

on slow elongation of stretched 

bars, 16. 
HöGBO Bessemer steel, 24. 
, strength of, 130, 136, 138. 



Impact, effect of temperature on iron 
subjected to, 154, 157. 

, experiments on rails exposed to, 

156, 162. 

Iron, Bessemer, purity of, 89. 

, capacity of, to resist shocks, 79. 

^ cause of fracture of, in cold, 112. 

-^— , charcoal, advantages of; 79. 

, containing phosphorus, employ- 
ment of, 87. 

, containing slag, employment of; 

88. 

— , effect of carbon on strength of, 
45. 

— -, effect of phosphorus and slag on, 
47. 

, pure, for forgings, 89. 

, stiff; employment of, 86. 

^ strength of, at different tempera- 
tures, 138. 



EiBKALDY on effect of hardening on 
strength of iron and steel, 52. 

on fibrous fracture, 41. 

on fracture by suddenly-applied 

strains, 81. 

KBrpp's steel, 24. 

, strength of, 130, 136, 138. 

, used for axles, &c., 86. 

KuPFFBB on action after flexion, 28. 

on modulus of elasticity, 53, 



Laoebhjelh, his method of inserting 
bars in testing machine, 9. 

on modulus of elasticity, 53. 

on Skufbarhet, 1. 

, machine employed by, 4. 

Lb Cbeusot rails {see Creusot), 154. 
Lesjöpobss, •* Lancashire iron," 25. 
, strength of, 132, 136, 140, 



plBBMAKENT, 

Limit of elasticity as commonly de- 
fined, 27. 

as defined by Fairbaim, 30. 

as defined by Wertheim, 28. 

, author's definition o^ 30. 

, effect of carbon on, 45, 71. 

, effect of phosphorus on, 71. 

-. — , effect of temperature on, 102, 106, 
108, 142. 

, effect of tempering on, 51. 

increased by mechanical means, 

36, 71. 

lowered by annealing, 42. 

LiNDELL assisted in the experiments, 2. 

London Bridge, wear of rails at, 75. 

Low MooB iron, 25. 

J strength of, 132, 138, 140. 

Low temperature, experiments on ten- 
sion at, 90, 111, 1.S8. 

— , experiments on impact at, 157. 



Measubement of sectional area of bars, 
12. 

of elongation of stretched bars, 

12, 

Mechanical treatment diminishes ex- 
tensibility, 42, 71. 

increases strength, 42, 71. 

raises limit of elasticity, 36, 71. 

M1CBO6OOPES, employed for observa- 
tions, 13, 15. 

Modulus of elasticity, apparatus for 
determining, 55. 

— , at different temperatures, 102, 
110, 112. 

, causes which affect, 66. 

y determination by flexion, 118, 148. 

f determination by traction, 146. 

y formula for, 54. 

J hardening diminishes, 122. 

, value of, 52, 53. 

Motala iron, 25. 

, strength of, 140, 144. 

Objections to use of steel, 151, 



Pebct, communication from Tunner to, 

referred to, 159. 
Pebmanent elongations by increased 

loads, 134. 
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